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CHAPTER 1 
INTRODUCTION 
Since the first detection of nuclear magnetic resonance (NMR) 
signals in bulk matter, some thirty years ago, an overwhelming num-
ber of articles dealing with theoretical, instrumental and experi-
mental aspects of NMR spectroscopy have been published. The lit-
erature in the field is now extensively surveyed periodically in 
the NMR Specialist Reports of the Chemical Society of London (1) 
and m Analytical Chemistry (2). These surveys contain several 
thousands of references to publications related to NMR spectros-
copy. In spite of the implementation in NMR spectrometers of many 
improvements, such as high resolution magnets, field-to-frequency 
lock systems and signal averaging computers, two problems often 
encountered are the sensitivity and the resolution of NMR spec-
troscopy. Only recently, considerable progress has been made m 
this respect with the development of supercondu'^mg solenoids 
(providing magnetic fields up to 8T with a homogeneity of 1 part 
9 
m 10 , or better), various double resonance techniques and puls-
ed Fourier transform NMR. These techniques not only contributed 
to the enhancement of sensitivity and resolution, but also im-
proved and facilitated the performance of NMR spectrometers in 
other respects, such as the study of nuclear spin relaxation 
and other dynamical processes, determination of spin spin coupl-
ings, and assignment of NMR signals, etcetera. 
Besides instrumental improvements, which often have the dis-
advantage of being expensive, chemical methods have been intro-
duced to promote the usefulness of NMR spectra. A gam in resolu-
tion can often be obtained by adding a so-called shift reagent 
(SR) to the sample solution. The purpose of shift reagents is to 
increase the NMR shift differences between the resonances of in-
equivalent nuclei of the solute molecule under investigation (the 
substrate). This is achieved by a more or less specific chemical 
interaction between SR and substrate, giving rise to changes in 
the magnetic environment of the substrate nuclei. The term shift 
1 
reagent was introduced by Hinckley in 1969 (3) but long before 
the phenomenon of shifts induced by paramagnetic species had 
been employed. Also diamagnetic molecules are used as shift rea­
gents. The action of these diamagnetic SR arises commonly from 
ring current effects, whereas the effect of the paramagnetic 
shift reagents originates from the interaction with the unpaired 
electrons. In this chapter some aspects of the application of 
paramagnetic shift reagents are summarized. For a more complete 
survey of the field, the reader is referred to the recent rev­
iews (4-8). 
The first account of the application of a paramagnetic shift 
reagent dates back to 1960, when Jackson et al. (9) added cobalt-
(11) ions to aqueous solutions of certain diamagnetic salts in 
17 
order to shift the О resonances of the bulk water from the res­
onances of water molecules in the solvation sphere of the dia­
magnetic ions. The paramagnetic cobalt ions shift the О res­
onances in the free water molecules to low field whereas the sig­
nal of the water bound to the diamagnetic ions is not shifted ap­
preciably. This technique was used to determine the solvation 
3+ 2 + 
numbers of several diamagnetic ions, e.g. of Al and Be m 
water using Co(II) (10) and Dy(III) (11), of Mg 2 + in methanol 
(12) and of Al in dimethylsulphoxide (13). In 1963, Happe and 
Ward (14) reported the isotropic shifts induced by Nickel (II) 
acetylacetonate and cobalt(II)acetylacetonate in several pyridine 
type bases. Average signals were observed for substrate mole­
cules free in solution and bound to these transition metal com­
plexes. This type of experiments have been applied to many other 
substrates in order to simplify their NMR spectra. In many in­
stances, however, severe line broadening was observed, leading 
to a considerable loss in resolution instead of a resolution en­
hancement. 
The applicability of aromatic radical anions (15-18) and 
nitroxide radicals (19) as shift reagents has been explored. It 
was found to be rather limited, because of the reactivity of the 
radicals and because of solubility problems (17). 
A class of paramagnetic shift reagents that is used most ex­
tensively in many organic solvents is formed by the tr^s-^-di-
ketonate complexes of the tnpositive rare earth ions (lanthanide 
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Fig. 1.1. Structure of tue trbs-ß-öiKetonate complexes of the 
trivalent ΙΟΊΞ [Ln]. 
ions, Ln ). The general structure of these lanthanide shift rea­
gents (LSR) is shown xn Fig. 1.1. In 1969 Hinckley (3) reported 
large downfield shifts accompanied by only slight line broadening 
in the Η NMR spectrum of a solution of cholesterol upon addition 
of Eu(dpm)3.(pyridine)2 (dpm: R = R' = C(CH 3) 3; see Fig. 1.1). In 
1970 Sanders and Williams (20) found, that the chelate complex 
Eu(dpm), in the absence of pyridine molecules was much more ef­
fective as a shift reagent. One of the most elegant examples of 
the action of this shift reagent is shown in its application to 
ets-4-ter>t-butylcyclohexanol (21). In the absence of a SR only 
two H signals can be identified readily. Sequential addition of 
Eu(dpm)3 improves the resolution and at a molar ratio of SR to 
substrate of 0.7 the spectrum is amenable to first order analy­
sis and all eight proton resonances are observed separately and 
are easily assigned with the aid of the spin spin splittings (21). 
In the same year, 1970, Briggs et al. (22) introduced the Pr(dpm)_ 
complex as a shift reagent which induces shifts to high field and 
which does not give rise to much more line broadening than the 
corresponding Eu complex. Dpm complexes of other lanthanide ions 
also turned out to be useful (23, 24). In 1971, Rondeau and 
Sievers (25) showed, that the fod complexes of Eu and Pr give 
rise to even larger shifts and to no more line broadening than is 
found with the dpm complexes (fod: R = C(CH,)3, R' = n-C,F ). 
The superiority of the fod complexes as shift reagents was at-
tributed to the higher Lewis acidity and better solubility char-
acteristics. Since then the dpm and fod complexes of Eu and Pr 
have been the most popular lanthanide shift reagents (LSR) used 
for the simplification of proton NMR spectra of organic molecules 
in solution, although a number of other tri s-ß-diketonates have 
been synthesized and tested for that purpose. Table 1.1 gives a 
list of different ß-diketonates employed and the abbreviations 
commonly used, instead of their unwieldy systematic names. The 
lanthanide complexes of acac and dbm were found to be not very 
useful as shift reagents (31, 32). The performance of the com-
plexes with pfd, pta, hfa, dfnd, tfn and fhd has not been in-
vestigated systematically and as yet no reliable comparison can 
be made between these SR and the fod and dpm complexes. The com-
plex Eu(fhd), (R = R' = C-FjJ has been claimed to be superior to 
Eu(fod), for very weakly binding substrates such as thiols (30). 
One advantage of the ß-diketonates with fully fluorinated groups 
R and R' is that no interfering SR proton signals are introduced 
in the NMR spectrum upon addition of the LSR (the CH signal of 
the ß-diketone usually does not interfere with the resonances of 
the substrate). 
The list of compounds to which LSR have been applied success-
fully has become very extensive. Besides alcohols, ketones, es-
ters, ethers and amines, it contains aldehydes (33) , carboxylic 
acids (34), ketals (35), oxines (36), epoxides (37), amides (38), 
nitnles (32), nitroso compounds (39), sulfoxides (40), thio-
amides (41), thiocarbamates (42), phosphates (27), phosphonates 
(43), phosphoryl (44a) and thiophosphoryl compounds (44b). Fur-
thermore, LSR have been used in the study of polymers (45), liq-
uid crystals (46) and various systems of biological interest like 
amino acids (47) , nononucleotides (48) , enzymes (49) , vitamine 
acetates (50), transfer RNA (51), heme and heme proteins (52) and 
Lecithine membranes (53). 
The popularity of the LSR is due mainly to four properties 
of these species. First, the extremely short electron spin relax-
ation times in the lanthanide ions lead to sharp resonance lines 
(with one exception, the Gd ion). Secondly, the ir^s-ß-diketon-
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TABLE 1.1: ß-DIKETONES EMPLOYED IN LSR OF THE TYPE Ln[R-CO-CH-CO-R' ] 
R R' narre of parent diketon abbreviation of reference (s) 
diketonate 
C(CH ) 3 C(CH3)3 2,2,6,6-tetramethyl-3,5-heptane dion dpm, thd, tmhd 3, 20 
(dipivalomethane) 
C(CH ) 3 η-C F l,l,l,2,2,3,3-heptafluoro-7,7-dimethyl- fed 25 
4,6-octane dion 
C(CH ) 3 С F 1,1,l,2,2-pentafluoro-6,6-dimethyl-3,5- pfd 26 
heptane dion 
C(CH 3) 3 CF3 l,l/l-trifluoro-5,5-dimethyl-2,4- pta, fhd 26, 27 
hexane dion 
CF CF, 1,1,1,5,5,5-hexafluoro-2,4-pentane dion hfa 28 
CF3 η-C F 7 1,l,l,2,2,3,3,7,7,7-decafluoro-4,6- dfhd 28 
heptane dion 
η-C F n-C3F 1,1,1,2,2,3,3,7,7,8,8,9,9,9-tetradeca- tfn 29 
fluoro-4,6-nonane dion 
C^FC C 0F C 1,1,l,2,2,6,6,7,7,7-decafluoro-3,5- fhd 30 
heptane dion 
СН^ . CH3 2,4-pentane dion (acetyl aceton) acac 31, 32 
СЛІ_
 Cf;H4 1,3-diphenyl-l, 3-propane dion dbm 32 
(dibenzoylmethane) 
ate complexes of the tripositive rare earth ions are coordinative-
ly unsaturated and thus readily form labile adducts with substrate 
molecules having some Lewis basicity. Thirdly, with only a few ex-
ceptions, the exchange of substrate molecules free in solution and 
bound to the LSR is fast on the NMR time scale at room tempera-
ture. Thus, the extent to which a particular NMR signal is shift-
ed can be controlled by varying the concentrations of shift rea-
gent and substrate. Finally, the signals can be shifted ad libi-
tum to low field or to high field, by selecting the proper lan-
thanide ion. Proton shifts to low field are obtained with the 
LSR containing Eu, Er, Tm and Yb, whereas the reagents containing 
Pr, Nd, Tb, Dy and Ho give rise to high field shifts. The last 
two properties, i.e. the fast exchange and the direction of the 
shifts, provide an opportunity to minimize the overlap between 
signals by a careful choice of shift reagent and concentrations. 
A disadvantage of the fcr-is-ß-diketonates of the lanthanide ions 
is their hygroscopy, which makes quantitative applications more 
difficult. The U(fod). complex, that has recently been introduced 
as a shift reagent (54), does not suffer from this deficiency, 
but this SR has not been employed frequently as yet. 
The LSR have been used for several purposes. From the spec-
tra spin spin coupling constants which were not observable in the 
absence of a SR, could be determined (55-57); chemical shifts 
could be estimated by extrapolation of the observed shifts to 
zero SR concentration. Dynamical processes such as the inversion 
of cyclohexane rings (58) and the internal rotation in dimethyl 
amides (59) have been studied in the presence of LSR, in order 
to enhance the shift differences between the different conformers 
such that the slow exchange limit could be reached at higher tem-
peratures. Ho (45) was the first to employ LSR for the determina-
tion of the average molecular weights of polymers in solution. 
In 1970, Whitesides and Lewis (60) introduced optically active 
d-camphor complexes of Ln ions for the determination of the 
enantiomeric purity of optically active substrates. Since then, 
many other more effective chiral LSR have been synthesized and 
employed (61-65). 
Finally, a most challenging application of LSR is the deter-
mination of structures in (liquid) solution. This possibility 
6 
arises from the fact that the dipolar interaction between unpaired 
electrons and the nucleus of interest gives rise to the so-called 
dipolar or pseudo contact (PC) shift, which is directly related 
to the position of the nucleus with respect to the principal axes 
of the paramagnetic susceptibility tensor. For many scientists 
the possibility of structure determination in solution proved to 
be so tempting that oversimplified expressions for the lantha-
nide induced shifts (LIS) have frequently been employed to ana-
lyse the observed shifts. The simplification often consists of 
two assumptions: (£) that the Fermi contact shift, arising from 
electron spin density at the nucleus, is negligible; (гг) that 
the susceptibility tensor has axial symmetry. Both assumptions 
cannot be justified beforehand. One of the most striking exam­
ples of what may result of such an oversimplification is a bond 
length of 10 A, reported for an Europium sulphur bond (66). An­
other problem encountered in the quantitative analysis of ob­
served shifts induced by lanthanide complexes originates from 
the fast exchange between substrate molecules free in solution 
and substrate molecules in bound situations. As a result only an 
average signal is observed for the substrate molecules in the 
different environments. If we denote the lanthanide shift rea­
gent by L and the substrate by S, the substrate molecules may ap­
pear in different environments such as S, LS and LS^. The ob­
served shift is not related to just one of these species, but to 
all of them, i.e. the observed shift is a weighed average of the 
shifts of substrate nuclei in all different environments, the 
weighting factors being the fractional populations of these en­
vironments. Thus, in order to be able to relate observed shifts 
to molecular quantities (such as the structure), one should ei­
ther separate the contributions of the different complexes to 
the observed shift or ensure that only one type of complex be­
tween L and S is present in solution. 
In this thesis the results of an investigation into the ef­
fects of the lanthanide shift reagents Lntfod)., on the NMR spec­
tra of the monofunctional ether MBE and the bifunctional ethers 
DME, MOE and DMV are presented. The abbreviations stand for 1-
methoxy-n-butane (methylbutyl ether, MBE), 1,2-dimethoxyethane 
(DME), l-methoxy-2-n-octyloxyethane (MOE) and 1,2-dimethoxy-
4,5-dimethyl benzene (4,5-dimethylveratrole, DMV). Some repre­
sentative 100 MHz proton NMR spectra of these ethers are shown 
in Fig. 1.2 to 1.8. 
Fig. 1.2 demonstrates that upon addition of Pr(fod)-. the 
complicated multiplet signal of the protons H3 and H4 of MBE is 
nicely resolved into a quintet coming from the H3 protons and a 
sextet coining from the H4 protons. The Figure also demonstrates, 
that the induced shift decreases with increasing distance to the 
binding site (the oxygen atom). 
Fig. 1.3 and 1.4 show some spectra of the ether MOE. In the 
absence of a shift reagent, the protons H6 to ІІ10 of this ether 
give rise to just one resonance signal (see Fig. 1.3, upper 
trace). The lower trace of Fig. 1.3 shows part of the spectrum 
of MOE in the presence of Yb(fod)-. Partly resolved multiplets 
are observed for protons H8 to Hll. In Fig. 1.4b the NMR spec­
trum of a solution containing MOE and Pr(fod), is given. In this 
situation the signals corresponding to protons HI to H9 are all 
well separated. The multiplet splittings are but partly resolved 
because of line broadening. The resonances of H10 and Hll are 
hidden under the signal of the t-butyl protons of the fod ligands. 
Part of the spectrum of a 1:1 mixture of MOE and Dy(fod) is shown 
in Fig. 1.4c. The signals of H7 to Hll are well separated, the 
multiplet splittings, however, are lost due to line broadening. 
To obtain a NMR spectrum of MOE showing a resolution comparable 
to that observed in Fig. 1.4c in the absence of a shift reagent, 
would require a spectrometer providing a static magnetic field of 
the order of 200 Τ (2000 kGauss), corresponding to a proton reso­
nance frequency of the order of 10 GHz. Of course, it is not pre­
tended that the use of LSR is equivalent to high field NMR spec­
troscopy, nor that the former is generally superior to the lat­
ter. However, this comparison illustrates that, using LSR under 
favourable conditions, a resolution may be obtained, which is 
difficult to achieve otherwise. 
Fig. 1.5 shows the effect of the diamagnetic complex La(fod)^ 
on the NMR spectrum of DME. In contrast to the paramagnetic 
Ln(fod), complexes only small shifts are observed. In Fig. 1.6 
the proton NMR spectrum of a 1:1 mixture of DME and Gdtfod).. is 
given. Severe line broadening, arising from the relatively long 
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Captions to Figurée 1.2 to 1.8. 
1DQ ΠΗζ proton \ПЧ spectra of the ethe-s ГЗЕ, '"ОС, DUE and ПГ , 
in the absenre and in the presence of the snift reagents Lntfod 1, 
All spectra were recordpd at 31 С in CCI, solutions, the concen-
trazion cf the shift rpage^t, if present, oeing about D.1 M. The 
ppm scales are relative to tptramethylbilane (TISI as an inter­
nal re-ere^ce. The structures of t •  в et h eis, the numbpring of 
their different protons and the peak assignments are indicated 
in the Figures. The latel t- б u re-ers to the t-butyl protons of 
the fod ligands. 
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electron spin relaxation time in Gd(III) complexes, is observed. 
The proton NMR spectrum of DMV is shown in Fig. 1.7. The 
resonances of the different protons are well separated and no 
spin spin splittings are observed. This permits accurate deter­
mination of peak positions, even in situations where addition of 
11 
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a shift reagent causes considerable line broadening. This is il­
lustrated in Fig. 1.8, where the spectrum of a 1:1 mixture of 
DMV and Ho(fod)- is given. 
In Chapter 2 the equations describing the contributions of 
the Fermi contact and the dipolar interaction to the induced 
shifts are derived. In addition, it is shown in that chapter how 
a many site NMR exchange problem can be reduced to a pseudo two 
site exchange case. 
In Chapters 3-5 the experimental results are presented and 
discussed (67). The modes of binding of the mono- and bifunction-
al ethers are discussed in Chapter 3. In Chapter 4 the analysis 
of the induced shifts is presented. For the first time the ana­
lysis was performed including non-axial symmetry and Fermi con-
12 
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tact interaction simultaneously. In Chapter 5 the exchange pro-
cesses occurring in solutions containing Ln(fod), and DME are 
discussed. 
The exchange of the DME molecules was analyzed quantitative-
ly and the results have provided absolute values for the reaction 
rates of the different binding steps of DME to Pr(fod)... The ex-
change of fod ligands between different lanthanide complexes was 
analyzed qualitatively in terms of a mixed dimer model. 
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CHAPTER 2 
THEORY 
2.1 Introduction 
In the Chapters 3, 4 and 5 the formulae, needed to interpret 
the experimental data, are presented. In this Chapter these for-
mulae and their derivation are considered in more detail in order 
to provide some physical background. In Section 2.2 the relation 
between the nuclear spin hamiltonian and the isotropic NMR fre-
quency shift is given. This Section, which contains only standard 
material, was inserted mainly because of the "sign confusion". In 
the early days of NMR spectroscopy, the spectrum was recorded by 
varying the DC magnetic field while the radio frequency was kept 
constant. NMR shift data were presented in the literature as 
shifts in the resonance field or relative field shifts were given 
(expressed in parts per million; ppm) . Thus, conventionally 
shifts to high field were positive and downfield shifts negative. 
In 1969 the international convention concerning the sign of NMR 
shifts was altered. From then on the shift should be given the 
same sign as the shift in resonance frequency at constant mag-
netic field. Consequently, "upfield" shifts should be presented 
with a negative sign and "downfield" shifts with a positive sign. 
Nowadays, the presentation of experimental shift data is general-
ly according to the new convention. The presentation of theoret-
ical expressions often has not been adapted to this new conven-
tion (1). Therefore, it seems appropriate to present the equa-
tions describing the spin hamiltonian and the resonance frequen-
cies. The NMR shift induced by unpaired electrons is considered 
in Section 2.3. The derivations are restricted to paramagnetic 
particles of which the electronic relaxation and the reorienta-
tional motion are so fast, that the NMR shifts reflect only the 
average hyperfine interaction; i.e. averaged over all thermally 
populated electronic states and over all orientations of the par-
ticle with respect to a laboratory frame. In Section 2.4 the 
relevant equations are given for the complexes of the triposi-
19 
tive rare earth ions. Finally, the influence of chemical ex­
change on the NMR spectrum and the kinetics involved are dis­
cussed briefly m Section 2.5. 
2 2 The nuclear spin hamiltonian and the NMR shift 
The hamiltonian of a nuclear spin I in a diamagnetic mole-
cule subjected to an external magnetic field H can be written as 
3C = - γ fi Η . (1 - σ) . I 111 
I o ' ' 
where γ is the gyromagnetic ratio and σ the chemical shielding 
tensor arising from the interaction of the spin I with the sur­
rounding (closed shell) electrons (diamagnetic shielding). For 
simplicity nuclear spin spin couplings are not considered here. 
In a non viscous isotropic liquid the nuclear magnetic resonance 
condition is given by 
ω. = γ H (1 - σ) |2| 
d o 'i 
where Η = III I and σ = •=· Tr (σ) . If the same nucleus is situated 
о ' о ' 3 
in a paramagnetic complex, the hamiltonian becomes 
7ii - - yh н
о
 · (i - 5·) . τ
+
 ^ f |3| 
where σ' takes into account the diamagnetic shielding and ϊί, _ 
stands for the hyperfme interaction of the nuclear spin with the 
unpaired electrons. Since we are only interested m the NMR shift 
in systems where the relaxation Ьет_',.'реп thermally populated elec­
tronic states is fast, we may replace Ή',- in Eq. |3| by its 
weighed average overall electronic states <j(, _> , 
nr el 
V »el • Trel (pel V 
where ρ , is the electronic equilibrium density operator. One may 
consider <'K'hf
>
 -i as the interaction of the nuclear magnetic mo­
ment yhl with the magnetic field H' induced at the site of the 
20 
n u c l e u s by t h e u n p a i r e d e l e c t r o n s 
- У " H M = < ÏChf > e l . ¡5 
In general, H' depends on the orientation of the complex with 
respect to the laboratory frame. Eq. |3| then becomes 
"iL = - γ h [H . (1 - σ') + Й'] . I 
I о 
If Η' << Η , only the component of H' parallel to Η contributes 
significantly to the total magnetic field (strong field approxi-
mation). The magnitude of this component is given by H'.H /H and 
the direction by Η /Η . Thus, Eq. |6¡ becomes 
> _ H'.H 
\ = - γ h H . Il -5·
 +
 ( _ _ ° ) ι . î |7| 
H 
о 
and the resonance condition in an isotropic liquid is 
• . -»• 
H'.H 
ω = γ H f 1 - σ ' + < ^- > I | 8| 
p o 2 or ! 0 I 
о 
in which < > denotes the average value over all orientations 
or 
of the complex with respect to the external magnetic field Η . 
The relative difference Δ' in resonance fvequenoy between 
the paramagnetic and the diamagnetic situation at constant field 
is then according to the new sign convention 
ω - ω. H'.il 
Δ' = -С 3- = (σ - σ') + < ^ > 191 2 or ' ' 
ω. 11 d о 
where the inequality σ << 1 has been used. The first term on the 
right hand side of Eq. ]9| results from changes in the diamag­
netic environment of the nucleus, whereas the second term is de­
termined completely by the paramagnetic properties of the com­
plex. 
Hence, the shift due to the paramagnetism is given by 
21 
H'.H . . 
Δ = Δ' - (σ - о') = < »Η- > l 1 0l 
и
 2 Ο Γ 
ο 
In order to relate the isotropic shift Δ to molecular quantities, 
we consider the hyperfine field H' in more detail in the next 
section. 
2.3 The hyperfine interaction 
The interaction of a nuclear spin I = Η with the unpaired 
electrons consists of two contributions. First, the Fermi contact 
(FC) interaction, which is dealt with in Section 2.3.1. Secondly, 
the dipolar or pseudo contact (PC) interaction. In Section 2.3.2 
the PC contribution is treated classically and in Section 2.3.3 
a more rigorous quantum mechanical approach is described. 
2.3.1 The Fermi confaci shift 
The Fermi contact hamiltonian Κ„„ may be written as 
^c A S.I 11 
where A is the isotropic hyperfine coupling constant (in energy 
units) . Th< 
to Eq. | 5 '| 
. The corresponding hyperfine field H' is then according 
"'re
 =
 "
 < Λ ΰ
 \\/ Y h !12l 
and according to Eq. |10| the Fermi contact shift Δ_
Γ
 is 
AFC = — - · 1 3 
Η 
о 
-*. 
In this equation S is the component of S along the laboratory 
Ζ axis parallel to Η and (2) 
r
 о 
(»¿Л * - '-Л ? Т г е і ! р е 1 J 6 (?kN> ^ Z 1 I 1 4 I 
22 k 
where the sum runs over the unpaired electrons k, the position 
of which is given by r, and the spin by S, ; S is Dirac's delta 
function. 
For a particular complex Eq. |l4| may be worked out further 
by evaluation of the trace at the right hand side. 
2 3 2 The pseudo contact shift, classical approach 
The dipolar interaction energy E between the electronic mag-
z moment μ and the nuclee 
e 
as point dipoles) is given by 
netic ar magnetic moment μ (both regarded 
E = - ^ - 3 e N |15| 
R R 
where R is the radius vector between the two dipoles (R = | R | ) . 
Eq. |15| can be rewritten to the more convenient tensorial form 
Ь - Î e . D . ΐ
Ν
 I 16 I 
The elements of the dipolar interaction tensor D are defined as 
,2 
δ R - 3R \ 
D., (R) = -JÍ- J-t ; j>k = x,y,i 
j k 
17 
Thus, the dipolar field H' generated by the electronic magnetic 
moment is found to be - μ .D. When μ is independent of the ori­
entation of the complex, with respect to Η , the dipolar field 
vanishes when averaged over all orientations. When this is not 
the case, it is convenient to introduce the molecular suscepti­
bility tensor χ: 
Чс
т
-\ · δ = " " ο · * · Β I i s I 
Using Eq. |10| the pseudo contact shift Δ is calculated to be 
Δ = - < ÎÏ . χ . Β. Η > /Η = - < h . x . D . n > I 19 I PC о о or о or ' ' 
23 
where h = H /H is the unit vector in the direction of the ex-
O Ο -ν 
ternal magnetic field Η . In order to evaluate the onentational 
average in Eq. |19|, the expression between the angular brackets 
is written with respect to the principal axis system of the sus­
ceptibility tensor. In this reference frame χ is diagonal and 
when no internal movements take place χ and D are invariant. Thus, 
Eq. |19| becomes 
Л1'С - - < Σ h. x.j
 V h k > o r 
J · κ 
20 
Τ χ. . D., < h li, > 
JJ jk j к or 
In an i s o t r o p i c l i q u i d one has <h h, > = тг δ , and t h e d i p o l a r 
^ ^
1
 З к о г З з к ^ 
s h i f t Eq. |201 r e d u c e s t o 
Δ
ΡΓ = - 7 Σ Xjj Djj 
1 | 2 1 | 
" " i ((Χ ~ x ) ü + τ ( χ - X ) (D - D ) } 2 V V A Z Z K> z z 3 ^ x x Л у у М xx yy' 
in which we have introduced the isotropic susceptibility χ = -~ 
Tr (χ). With the aid of the definition Eq. |l7| of the elements 
of the dipolar tensor D one finally arrives at the familiar equa­
tion for the pseudo contact shift 
Д
рс
 j {(χ
ζζ
 - χ)(3 cos θ - 1) + (χ
χχ
 - Xyy) sin 0 cos 2φ} | 2 2 | 
2R 
in which R, θ and φ are the polar coordinates of the nucleus m 
the principal axis system of the susceptibility tensor (see Fig. 
2.1) . 
Eq. |22| demonstrates that the pseudo contact shift vanishes 
if the susceptibility is isotropic as is the case for S states 
having no orbital momentum and for ions in environments of octa­
hedral or higher symmetry. The second term on the right hand side 
of Eq. |22[ vanishes for an axially symmetric susceptibility ten­
sor (χ = χ » when the Ζ axis is chosen along the unique mag-
л
хх УУ 
netic axis). 
24 
Fig. 2.1: Coordnato systPT, parallel ίο t u2 principal axes of 
tne paramagnetic cLScrptibi^ιty ten'or. R cefines the 
position of the lucleus of interest and tip u~iz vec-
tor h dof л е з Lie oripntation of t^с exÏGrnal magnetic 
fluid with respect tc this тіоірсиіаг гетегепсе frame. 
2 3 3 The pseudo contact shift, quantum mechanical approach 
In the simple classical treatment given above, the elec­
tronic magnetic moment was regarded as a polarisable point di-
pole. In a paramagnetic ion or complex, this is of course not 
rigorously true. In order to obtain a correct formula for the 
->-
dipolar shift, we consider the situation where the spin I is 
->-
at a position R with respect to the paramagnetic center and the 
unpaired electron is at r from that center. The radius vector о 
between nuclear spin and electron is then given by (see Fig. 
2.2) 
Ρ = r 
231 
The quantum mechanical treatment of the dipolar interaction m 
this situation was given by Marshall (3). Since in the litera­
ture the presentation of the derivation is very compact, the 
25 
electron 
paramagnetic 
center 
.g. 2.2 Diagran shoeing the distance vectors p, R a U г isce 
text) . 
calculations will be described here in more detail. 
The dipolar interaction 3C
n
 can be written as a sum of the 
interaction of the nuclear spin with the orbital motion of the 
electron Jf
nn
 and of the interaction with the electron spin JC
nq 
•S) H + JC DO DS 
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In the non-relativistic limit the hamiltomans 3f _ and JC are 
given by (4) 
ß . . . 
^ v , - — ( ρ · Α + Α · ρ ) 
no 
25 
h 
and 
JC 
DS 
ι -t- a . (ρ χ A + A χ p) 26| 
where ρ is the momentum operator φ = - ihv) and σ is the vector 
of the Pauli spin matrices. The vector potential A is defined as 
Λ = Ύ h Ι χ Ρ 27 
Let us first consider Κ
η η
· Using the definition Eq. 
is readily rewritten as 
27 1 π. DO 
'U • 2 V (r X 3 > · P 
Ρ 
26 
281 
Let further V be defined as (V ). =3/3R.; j = x, y 
к к j j 
has 
-+-
- = v (-) p3 R W 
-h •+ 
and Л
т
 = 2 ßj [I χ VR (|/p) ] . ρ 
The quantity 1/p can be expanded in a power series 
R > r the expansion reads 
P
 |r -Ri n=0Rn+1 n 
where μ = cos θ = r.R/(rR) (see Fig. 2.2) and Ρ i s 
polynomial of order n, which i s given by 
2nn: dun 
Thus, 
К é ' l г" V I P (μ) / Rn+l I 
R Ρ' Г» R n 4 
n=0 
" dP 
I г" (PCU) V [I/R n t l 1
 + _ ! _ - i Y [μ Π 
n-0 n R R n + 1 dP R 
One e a s i l y der ives the expressions 
\(1/R n + 1 ) - - (η*I) R/Rn+3 
->•-*• 
V U ) = VR ( f ^ ) = " V*/R + r'/rR 
a n d dP 
- J U L = pi = (
n + | ) ρ + μ p ' dy n + l η η 
Using these equations one obta ins 
n=l R 
Substitution of this result in Eq. |30| finally yields the ex­
pression 
"> n-1 
11
 „ » 2 γβ I —^ Ρ ' [hl.l - I . (R χ p) 1 I 35 | DO e , „n+z η 
n=l R 
^ - » • > 
where the electron angular momentum 1 = rxp has been introduced. 
Eq. | 351 is still a complicated expression. l\ie are, however, 
interested only in expectation values of 7C
n n
- If we restrict the 
electron orbital wave function to eigenstates of 1 with eigen­
value 1(1+1) the matrix elements of interest are <lm 1|Ρ'l|lm> and 
<lm'Ι Ρ'V Ilm>. The former ones are given by 
ι
 n
 I 3 
< lm'|Pl Ï|lm > = ƒ ¿Φ ƒ ¿μ Ρ'(μ) Υ* ,ΐ Υ , | 36 Ι 
' η ' η lm lm JOI 
In order to find the non-vanishing elements, we look at the trans­
formation properties of the different factors on the right hand 
side of Eq. | 361 under the transformations μ ^ - μ ( θ ->• π - θ ) and 
φ • π + φ. These properties listed in Table 2.1 are easily ob-
tamed from the definitions of Ρ , У, and 1 in polar coordinates. 
η lm 
TABLE 2.1: TRANSFORMATION PROPERTIES OF THE OPERATORS V, 1, Ρ 
AND Y, . WHEN THE TRANSFORMATION μ->--μΟΡφ-*π + φ 
IS APPLIED, THE QUANTITIES IN THE FIRST COLUMN ARE 
MULTIPLIED BY THE SIGNS IN THE SECOND OR THIRD COLUMN, 
RESPECTIVELY 
μ >• — μ φ > - π + φ 
(θ -»· π - 0) 
V + 
Χ 
V + 
Υ 
ν - + 
ζ 
1 -
χ 
1 -
У 
1 + + 
ρ
η
 ( - ) η + 
ρ ; ( - ) η + 1 
Υ
Ί
„ ( - ) 1 + η ( - ) r n 
28 
From Table 1 and the integrals in Eq. J36| one finds, for example 
that the matrix elements with 1 and 1 vanish unless m' + 1 + m 
χ y 
= even and (n +1) + m' + m = even, i.e. u n l e s s η i s odd. Thus, 
t h e only n o n - v a n i s h i n g m a t r i x e l e m e n t s of P ' l a r e found f o r odd 
v a l u e s of n . S i m i l a r l y , one o b t a i n e s t h a t t h e m a t r i x e l e m e n t s of 
P'V v a n i s h f o r odd n . Thus, Eq. ¡35|may be r e w r i t t e n to 
J
"
CDÛ = 2 ^ e { î / ' j S U î - î - Σ, - £ э *;•,*• <**Р» 
n=l R п=1 R 
odd odd 
. 2γβ
β
Ηρ;
 + £ р . • ι ψ |37| 
R К 
з t .t. 
Y
' e
l R г
 R 3 Ч ' R 3 
¡ 3 2 [ , t h a t d e f i n e s t h e po lynomi 
„ D 0 . 2 Y e > „ , , . 3 o ¿ o ¿ , Ο 
 " " R" ' R" 
Using Eq.     als Ρ , one obtains 
2 ,ч 2 
R2 R 
I 38| 
2 ., 3 t ,+ *, 
- 2 vß Γ Ï2L + 1 v{-lv ~3)r + I ^(«XP) 
Г Р
е
 l
 R 2 „3 J „3 
R R 
To evaluate this a temporary Ζ axis is chosen along R. Collect­
ing the terms in R in 7f
nn
 one gets 
^ = 2 Yß R"3 ΠΙ î.l - 3(Zp I - Zp I )] I39 i 
DO e χ у у х 
where ζ = yr. In addition one has 
z p
x
 =
 '
( z p
x "
 p
7
x ) +
 ^
( z i ,
v
 +
 P,x) 
x Χ ζ χ ζ | 4 0 | 
=• i Гіі + Jm 3(zx)/3t 
The expectation value of the second term vanishes in a stationary 
state and zP is effectively hi /2. Similarly, zP is effectively 
χ У У 
- hl /2. Thus, to lowest order in r/R 7f - becomes 
ϊ
α
)
 •
 2
-rtlñ R"3 [ i-î - Ϊ ( I 1 + I 1 >1 
DO e 2 у у χ χ 
-3 
ι J 
ζ ζ 
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Yh Ч
 
 [ 3L 1 - Î . f 1 
Transformation to an arbitray axes system yields 
i C --γΛβ ΐ . В . ί Ι41| 
uu e 
with D as defined in Eq. |l7|. Similarly, the terms in R may 
be collected in Jf^  . After rearranging one obtains (3) 
R 
1 5 [ r . Î - r N I N 1 r N l N ^ 
2 „2 ! 
42 
where r , 1^ and 1M are the components of r, I and 1, respective-
ly, in the direaction of R. 
The ratio <3Cr:l·.' >/<JC'2' > is of the order <r >/R and the cor-
rection Eq. [42| can be neglected if <r > << R . Thus, for the 
orbital contribution to the dipolar interaction in states de-
scribed by a total L one has 
7CD0 = " Yhße *• ' Б ( 5 ) * ΐ ' 143 1 
We now consider the spin contribution to this interaction. Accord­
ing to Eq. | 26,27| one has 
ïijjg - Yße i о . [ Ρ χ (Î χ £=•) + (ΐ χ S_) χ Ρ 1 I 4 4 ! 
Ρ Ρ 
To evaluate this, we use the fact that if [b,c] = 0 one has 
and 
a χ (b χ c) = (я.с) h - (a.b) с 
(b χ с) χ a = с (Ь.л) - b (ca) 
Eq. |44| then reduces to 
30 
.HDS = - Y B e h ì . {Uhf)} 
P 
-^Х*І<£:Ч> 
a n d 
j,k J "4
 P
J k 
2 yg h I . 5 (ρ) . s 
e 
Э
 p k Э Э , 1 
Э " к
 ч σ
 | 4 5 | 
D j k ( p ) = эт: τ = эт: эйг ( ö) • I 4 6 
J О J κ 
This expression for D., is the analogon of Eq. [l7|, R being re­
placed by ρ . 
With the aid of Eq. |46| and the expression Eq. |3l| the 
hamiltonian JC-.,, can be expressed in a power series in r/R. Again 
only terms of odd η are non-vanishing. In a system described by 
a total spin S the leading term becomes 
1t<°> - - 2 Yßh* . 5 (R) . ΐ . |47| 
DS e 
2 2 
The corrections to Eq. |47| are again an order <r >/R smaller 
than the leading term (3) . 
Thus, provided that 
<r
2
> / R2 « I 148 1 
the average dipolar interaction hamiltonian <3fD>ei i
s
 given by 
«'Vel = ^ 0 + ^ S ^ l 
|49| 
=• - yhß <L + 2Î> , . D (R) . I 
e el 
This expression may be regarded as the quantum mechanical ana-
i i • + " * • - > • - * ' • * • logon of Eq. | 161 with μ = yhl and y =·- 3 <L +• 2S> ,. Eq. N е е ex |49| leads to the dipolar shift equation, Eq. |22| and the sus-
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c e p t i b i l i t y t e n s o r i s d e f i n e d quantum m e c h a n i c a l l y a s 
Η
ο
.χ = - ße < ΐ * 2Í > e l 
| 5 0 | 
- - 8
β
 Tr . [Ρ .(L + 2?)] 
e el el 
In t h e absence of s a t u r a t i o n e f f e c t s for t h e e l e c t r o n i c m a g n e t i c 
moment t h e s u s c e p t i b i l i t y t e n s o r may be w r i t t e n a s * 
X j k = - V 3 | - < L k + 2 V e l '11*0 - I 5 1 l 
2 4 Lanthanide induced shift (LIS) 
2 4 1 The tnpositive lanthanide ions and their complexes 
The rare earth elements or lanthamdes constitute a class 
of chemically remarkable similar elements (5) . All lanthamdes 
prefer the tnpositive oxidation state, where they have a Xenon 
core and a number of 4f electrons, varying from zero for La to 
fourteen for Lu . Except La and Lu all Ln ions are para­
magnetic. They show a large spin orbit coupling and the ground 
term can be found from Hund's rules and the Rüssel Saunders 
coupling scheme. For the Ln ions having less than seven 4f 
electrons the ground state is described by J = |L-S|, whereas for 
the Ln ions with more than seven 4f electrons the ground state 
is characterized by J = L + S. For most Ln ions the thermal 
population of excited terms is negligible with the exception of 
Eu and to a lesser extend Sm . Some basic properties of the 
trivalent lanthanide ions are summarized in Table 2.2. The Eu 
* Eq. |51 I excludes all field independent contributions to the 
electronic magnetic moment ν . Since these contributions are 
e 
necessarily isotropic, they do not contribute to the PC shift 
(see Section 2.3.2). 
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TABLE 2.2: SOME PROPERTIES ΟΓ THE TRIPOSITIVE RARE EARTH IONS Ln 
2 
rare configu- lowest <r > σ
τ
 σ
τ
(σ -1)X Energy of fist 
^ j j j 
v
 J(J+1) excited term 
(cm ) 
earth 
ion 
La 3 + 
C e 3 + 
P^ 3 + 
Nd 3 + 
Pm 3 + 
Sm 3 + 
E u 3 + 
G d 3 + 
T b
3 + 
Dy 3 + 
Ho 3 + 
Er 3 + 
Tm 3 + 
Yb 3 + 
L u 3 + 
ration 
4f 0 
4f 1 
4f 2 
4f 3 
4f 4 
4f 5 
4f 6 
4f 7 
4f 8 
4f 9 
4f 1 0 
4f 1 1 
4 f 1 2 
4 f13 
4f 1 4 
term 
'V 
\ 
\n 
\ 
\ n 
SU 
6H H5/2 
7
^ 
% / 2 
6H H15/2 
5
· . 
115/2 
2
'-,„ 
\ 
0 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
i") 
.34 
.30 
.28 
.25 
.22 
.20 
.19 
.17 
0 
6/7 
4/5 
8/11 
3/5 
2/7 
0 
2 
3/2 
4/3 
5/4 
6/5 
7/6 
8/7 
0 
11 
14 
16 
5 
54 
11 
il 
5 
ff ι,οοο 
Ê1 
2 
63 
2 
85 
3 
45 
2 
153 
10 
49 
6 
18 
7 
0 
2 , 2 0 0 
2 , 1 0 0 
1 ,900 
1 ,100 
400 
30,000 
2,000 
6,500 
10,000 
has J = 0 in the ground state. The magnetic properties of this 
ion arise from thermal population of the excited states, e.g. the 
4 - 1 4 
F term which is about 400 cm above the F. ground level. 
3+ In complexes of the Ln ions the ligand field splittings 
are in general small compared to the spin orbit coupling. Ex-
ceptions are again Sm and particularly Eu . In [Eu (Ο,Η,ΟΟΟΗ-
- — 4 — 1 
СОСИ-).j , for instance, the lowest F level is only 205 cm 
4 4 -1 
above the F ground level and the highest F level is 439 cm 
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above the ground level (6). For the other Ln ions J is a good 
quantum number, at least in a first approximation and the cal­
culations given below are restricted to these lanthanides. 
2.4.2 Evaluation of averages over electron states 
The calculation of both FC and PC shifts involves the eva­
luation of an average over electronic states (see Eq. |l3,5l|). 
For an arbitrary operator Q one has 
< Q >
e l = Tr e l <Q ов1> - £ T* e l CQ."
1
*) |52 
where Ζ = Tr , (e-i?' ) and $ = 1/kT. The total electron hamilto-
nian can be written as 
К = 31 + 71 = К + .7( + If 15 3 
о 1 о LF Ζ P J 
where 3C„ is the electron Zeeman interaction and 7C the ligand 
Δ Lr 
field hamiltonian. The latter can be written such that its ori-
entational average is zero, since all spherically symmetric po­
tentials can be absorbed in Jf
n
-
Because of the large spin orbit coupling in rare earth 
ions, it is convenient to choose the eigenfunctions |jm> of К* 
as a basis for the evaluation of the traces in Eq. |52|: 
<Q>
el = l <Лп|де"& т> / J <Jm! e"8'C| Jm> I 5 4 
J
 fm J »m 
and 
1С I Jm> = Ε, I Jm> 15 5 
о ' J ' ' 
The sum over J in Eq. |54| can be restricted to the ground term, 
since thermal population of states with other J values is ne­
gligible. The exponential ε = expC-ß (7C0 + "tC ) } can be expanded 
in a power series in ßjf, with the aid of the theorem of Karplus 
and Schwinger (7); the n-th order approximation ε to с is 
34 
g i v e n by 
-BJC, Ρ +г\ 
e n (ß) = e ^ d - Z e 0 Jt| e ^ j i B ' i d ß ' ) | 5 6 | 
о 
w i t h е . = e x p ( - 3 K
n
) - To s e c o n d o r d e r i n SJC o n e o b t a i n s 
<q> . -
 2 , + | [ - β I <Jra|Q|jmI> <Jm , | 'JL|Jm> 
+ J Ρ 2 I {<Jm|Q|jm ,> <Jm' | ' 'Ç |Jm"> <Jm" |"ГС J Jm> | 5 7 | 
+ <Jm|Q|JraI> <Jm I |K J j m ' S < Jm " | >C | Jm>} ] 
w h e r e J i s t h e t o t a l a n g u l a r momentum q u a n t u m number o f t h e 
g r o u n d t e r m a n d m a t r i x e l e n e n t s b e t w e e n k e t s w i t h d i f f e r e n t J 
v a l u e s h a v e b e e n n e g l e c t e d . F u r t h e r m o r e , o n l y t e r m s l i n e a r i n 
t h e m a g n e t i c f i e l d H h a v e b e e n r e t a i n e d i n E g . | 5 7 | . 
2 4.3 LIS: The Fermi contact shift 
The Fermi contact shift is calculated conveniently in the 
laboratory reference frame, where H is parallel to the Z-axis 
and one has 
< Jm' I TCI Jm > = g .β H m δ , icol 
'Ζ' J e o m m ІЭОІ 
where д
Т
 is the Lande factor 
«, - ι * JCJ·1·') + S(S+I) - L(L-H) ι en ι 
2J(J+1) 
Thus, from Eq. |14, 57, 58| one finds 
35 
2J+1 m к 
I 6 0 | 
+ В2 l га <Jm| J 5 ( ? k N ) S k z | J m , > < J m , | \ F | J m > 1 -
m,ra' к 
The t e r m i n E q . I 601 i n v o l v i n g 7CT„ v a n i s h e s when a v e r a g e d o v e r 
a l l o r e n t a t i o n s . W i t h t h e a i d o f t h e r e l a t i o n (8) 
<Jra| I 6 ( ? k v ) S k z |jm> = - (gj-1) m о^ | 6 l | 
к 
w h e r e ρ i s t h e s p i n d e n s i t y a t t h e n u c l e u s , t h e F e r m i c o n t a c t 
s h i f t b e c o m e s 
UFC - < ( " ¿ Λ >or'llo 
- С е
В
е Г S j ÍR j - ' ) ЙТГ П Ы ¿ 
2 
m 
Thus 
w i t h 
ß A 
UFC = S/V0 J (J+1) "~"e I 6 2 I 
3kT yfi 
л - -
 6 e s e γΐ· ψ Ρ, . I« l 
The v a l u e s o f J a n d g T f o r t h e d i f f e r e n t Ln i o n s a r e l i s t e d i n 
T a b l e 2 . 2 . T h e r e i s e x p e r i m e n t a l e v i d e n c e , t h a t t h e c o u p l i n g 
c o n s t a n t A i s a l m o s t i n d e p e n d e n t o f t h e l a n t h a n i d e i o n ( 9 ) . T h u s , 
t h e Ln d e p e n d e n c e of t h e FC s h i f t i s g o v e r n e d by t h e f a c t o r 
g (g - 1 ) J ( J + l ) , e x c e p t f o r Eu c o m p l e x e s w h e r e t h e r m a l p o p u l a -
t i o n a n d a d m i x t u r e o f e x c i t e d l e v e l s d e t e r m i n e t h e FC i n t e r a c ­
t i o n . 
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2 4 4 LIS pseudo contact shift 
2 
From the values of <r ~-, listed in Table 2.2, one sees that 
in complexes of the tnpositive rare earth ions the dipolar shift 
equation Eq. |22| is a good approximation for nuclei at distances 
larger than about 3 A from the central ion (<r >/R < 0.03)*. Re­
cently, Golding et al. (12) calculated the dipolar shift for some 
3d configurations, according to Eq. |28, 45|, which are valid for 
any value of R. It was found (12) that the error introduced by 
the point dipole approximation Eq. |43, 47| is less than about 10% 
R > 3 A. For the Ln ions, where <r > is expected to be much smal­
ler than for 3d ions, this error will be much smaller as is con­
sistent with the calculations given above. Thus, the PC shift is 
determined by the amsotropy of the magnetic susceptibility χ. 
This amsotropy arises from the combined action of spin orbit 
coupling and the ligand field. The electron spin is coupled to 
the external magnetic field by the electron Zeeman interaction 
- > • 
and to the electron angular momentum L by the spin orbit coupl-
->-
ing. L in turn is coupled to the molecular frame by the ligand 
field. Since we are interested in a general formula for the PC 
shift, valid for all Ln ions in different ligand fields, χ is 
calculated from Eq. |5l| rather than from Van Vleck's famous 
formula because the latter originates from perturbation theory. 
The elements of the susceptibility tensor are found from 
Eq. |51, 57| by substitution of -β (L, + 2S,) = Q in Eq. |57|. 
e к к 
The matrix elements of 3fTT;l can be obtained by expansion of KT „ 
in spherical harmonics and of ljm> m |Lm Sm_> by means of the 
Clebsch-Gordon coefficients. It turns out that the first term 
on the right hand side of Eq. І571 yields an isotropic contri­
bution to the susceptibility and it therefore does not contn-
2 
The values of <r > presented in Table 2.2 are theoretical val­
ues calculated from Hartree-Fock wave functions (10). There is 
2 
experimental evidence, however, that the real <r > values are 
even much smaller (11). In that case the corrections to the 
point dipole approximation Eq. |22| are very small when 
R > 3 8. 
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bute to Δ . The second order term gives rise to an anisotropic 
susceptibility and the resulting PC shift is (13) 
g V J(J+1)(2J-1)(2J+1) 
V - 2 - 2 Τ 5 Г( 'Ф) |б41 
^ 60 R (kT) 
where 
2 2 
Ρ(θ,φ) =• D (3cos θ - 1) + (D - Л ) sin θ со52ф . 65 
ζ χ у ' ' 
The zero-field parameters D , D and D depend on the ligand 
field. 
2 5 Chemical Exchange 
The experimental results obtained for the exchange of sub­
strate molecules between free and bound situations and for the 
exchange of fod ligands between different shift reagents are de­
scribed and discussed in Chapter 5. These exchange processes in­
volve several reactions and intermediates. In this section it is 
shown that such a multiSite NMR exchange problem can be reduced 
to a (pseudo) two sites exchange case, if certain conditions are 
fulfilled. This will be illustrated with the help of a simple 
example. The formulae given in Chapter 5 may be derived along 
the same lines, as is outlined below for the substrate exchange. 
2 5 1 Exchange between two sites 
We consider a nucleus that travels between two magnetic en­
vironments A and B. In the absence of exchange a nuclear spin in 
the site A resonates at ω. and its transverse relaxation time is 
A 
T_ . Similarly, a nucleus in site В resonates at ω with relaxa­
tion time T 0 . 
If the spin exchanges between sites A and B, represented by 
the pseudo first order reaction A J B, the steady state modified 
Bloch equations read (14) 
38 
aAGA - - ^  А + \% - \ \ I 66 
V B " - iY,,.MofB * гл",сл - тв"1св |671 
where G and G are the complex magnetisations in the rotating 
frame of the spins in the sites A and B, respectively; the fac­
tors a. and a„ are defined as 
A В 
α. = Τ " - i(u>. - ω) I 681 
The fractional populations f and f of sites A and В are re­
lated to the lifetimes т. and τ_ of the spins in sites A and В 
A B Γ by 
£
л
 т
л
 = fB тв · 1691 
The NMR absorbtion intensity is governed by the imaginary part of 
the total сотріез 
from Eq. |66, 67| 
complex magnetisation G = G + G , which is found 
c
. - i Y l l i M V I ^ L I V L Ì V A I V S Ì . . |70| 
0
 С
 +
 л
) ( 1 +
 в
5
 - ' 
With this equation the NMR line shape can be calculated for any 
values of τ, and τ_. 
A В 
2 5 2 Exchange between many sites 
For N sites the steady state modified Bloch equations read 
N 
у . „ .. „. 
J J 1 0 J
 k l | kJ к J J 
«\G; = - v " , · ! ^ + І Ч,"1^ - ^"'^ I 711 
where τ, is the transition rate from site к to site 3 and the 
lifetime of a nucleus in site 3 is given by 
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k=l 
(for convenience τ. . = 0 by definition). 
The balancing conditions are 
1 N I 
f.t. ' = Ι ε.τ.. . |73| 
The N sites exchange problem can be reduced to a pseudo two sites 
case if for N-2 sites α. << τ- in the frequency range of in­
terest. This is illustrated below for a three sites exchange 
problem. 
Let us consider a substrate S, that binds bidentally to the 
shift reagent L. Generally, the binding is a two step process 
L + s,-^ LsJj^ L 5 b |74 
к . к. ' 
m-1 ( bm 
where the superscript b denotes that the substrate is bound bi­
dentally, whilst the absence of it represents monodentate bind­
ing. The substrate appears in three different sites LS , LS and 
S which are numbered 1, 2 and 3, respectively. According to Eq. 
|74| one has 
-1 -1 
T|2 kbm * T2I " kmh , 
^з"' " V i · τπ1 = kn. [L] ' І 7 5 ! 
- · - ι 
т
із •
 T31 = 0 
and from Eq. |72| one obtains 
40 
-1
 , - ι - ι - ι - ι - ι - ι | 7 6 | 
1 = Τ 1 2 : T 2 = Τ 2 Ι + ^ 2 3 : T 3 = Τ32 
The m o d i f i e d B l o c h e q u a t i o n s (Eg. | 7 l | ) t h e n become 
e l G l = - i Y , 1 . V l + ^."'S^r'0! I 7 7 l 
a 2 G 2 = - i Y H 1 M o f 2 + T ^ - ' G , *132-\-12~*02 | 7 8 | 
C.3G3 - - Ι γ Η , Μ ^
 + T 2 3 -
, G 2 - Л з - Ц . | 79 | 
Eq. I 77-791 yield a complicated expression for the total magneti­
zation. However, if the bidentate binding is strong (k . >> k, ), 
the species LS act only as intermediates in the exchange of sub­
strate molecules between LS and free S. 
One may neglect the term a^ G with respect to τ- G ? in Eq. 
78 if 
'2 > > 'ω2 ~ ωΐ' ' 'ω2 ~ шз' τ«
 > > |ω_ - ω,I , |ω„ - ω,¡ QQ 
b e c a u s e t h e n Ι α , ] << "_ i n t h e f r e q u e n c y r a n g e o f i n t e r e s t . From 
E q . I 781 o n e t h e n o b t a i n s 
C 2 " - l Y U l M o r 2 T 2 + Ï 7 7 C | + Ъ 2 ~ С З ' | 8 1 1 
S u b s t i t u t i o n o f Eq. ¡ 8 l | i n Eq . | 7 7 , 7 9 | y i e l d s 
τ 2 ' г т 2 
a G = - i>)I M f. {I + - - } + ~ i — С. — С, ι
 R , ρ 1 1 l o l ^ т 2 1 т 3 3 Τ , Τ ^ 1 | 8 2 l 
T 2 T 2 T 2 , 
a G = - ΐγΐΐ M f {1 + — } + —¿— G, ~ С, 83 
3 3 1 о 3
 1 з V 2 J 1 t 2 1 i 3 3 
w h e r e we h a v e u s e d E q . | 7 6 | a n d t h e b a l a n c i n g c o n d i t i o n s Eq. 
I 73 I . E q . J 8 2 , 831 a r e e q u i v a l e n t t o t h e e q u a t i o n s f o r t h e two 
s i t e s m o d e l w i t h e f f e c t i v e l i f e t i m e s 
41 
-I Ь К к ι 
τ ' = —
¿
— =
 hm m
"
1
 I 8 4 1 
I 2 3 mb m-1 
- ι
 τ 9 k u k i 
т
в = - T - = i r V L L [ I ' i l 8 5l 
τ 2 1 τ 3 mb m-1 
and 
f A = f , { 1 + T 7 } ' f B =
f 3 { 1 + ^ } · | 8 6 | 
These r e s u l t s a r e i d e n t i c a l t o t h o s e f o r t h e two s i t e s exchange 
between LS and S, p r o v i d e d t h a t 
τ 2 " Tl · T3 
mb m-1 bm ' ral • I ö ' I 
This condition garantees that the fraction of substrate molecules 
in LS complexes is small enough to make f = f and f = f.. 
Thus, under the conditions Eq. |80, 87| the exchange of sub-
strate molecules between S and LS can be regarded as a two sites 
exchange process, the reactions Eq. |74¡ being replaced by the 
(pseudo) first order reaction S J LS characterized by the life-
times τ, and τ_· 
A В 
2.5.3 Substrate exchange 
The exchange of substrate molecules between LS and S, con­
sidered in Chapter 5, involves in addition to Eq. I 741 the equi­
librium 
к 
LS + S . - g ^ LS . I 881 
m-2 
The new site L S 9 is labeled by the number 4 and one has in ad­
dition to Eq. |75| 
42 
'Il = кш2 [ S 1 · \2 т кш-2 
| 8 9 | 
^ •
k
m 2 r L S l ' \ і - к
т
- 2 
The l i f e t i m e s τ . now become 
*, = ^ , 2 l 9 0 a l 
T2 - T2I + T23 + T24 l 9 0 bl 
T3 = T32 + '34 l 9 0 c l 
U =\2 =\3 · l90dl 
Note that Eq. |90d| is different from that expected from Eq. I 72|. 
The reason is that the dissociation of LS^ complexes results in a 
transition from site 4 to sites 2 and 3 simultaneously. Further­
more, when such a transition occurs, the magnetisation G. is 
equally devided among sites 2 and 3. Thus, the modified Bloch 
equations become 
a iG i = - ^ " i V i + τ2.~4 - Ч I 9 1 I 
a 2 C 2 = - i Y l l l M o f 2 + X^-'G, + Тз '^Сз + 1 т^ 'с^ - ^ ^ |92| 
a3G3 - - ^ W ì + Т 2 з " І 0 2 + i T A 3 ~ 1 G 4 - т з " І С 3 I 9 3 I 
«л - - ^ w «
+ τ2Γ4+ Ч - Ч · I 9 4 ¡ 
Assuming that 
-^1 
and 
τ 2 » |ω2 - üijl , |ω2 - ω3| ! 95 | 
T¡ >> Ιω4 " ω|Ι · Κ " Шз' 
The terms a_G and α.G in Eq. |92, 94| can be neglected and G. 
and G. can be expressed in terms of G1 and G, by solution of Eq. 
43 
¡92, 9 4 ¡ . S u b s t i t u t i o n of t he r e s u l t s in Eq. | 8 5 , 87| aga in 
y i e l d s e q u a t i o n s e q u i v a l e n t t o Eq. ¡66, 67¡ i f к , i s much 
l a r g e r than t h e o t h e r r a t e c o n s t a n t s . The l i f e t i m e s τ and 
τ a r e found t o be 
в 
-1 Чп, (kn-I + * k™? t S ' ) k I + 2 k 9 I S 1 
1 _ bm и ' m2 m-1 π 2 I
 Q C ι A ~ к , + к . + i к _ [ s ι - - l y 6 l 
nib га-1 ml К , 
mb 
w h e r e Κ , = к /к, , 
mb mb bm 
and 
-.
 f l -. k » b ( k « l I b l + i k m 2 t L S l ) 
Т В
 "
f 3 T A k m b + k »- l + * k
m
2 ' S 1 , , 
¡ 9 7 ! 
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CHAPTER 3 
BINDING OF MONO- AND BIFUNCTIONAL ETHERS 
3 1 Introduction 
NMR spectroscopy in conjunction with lanthanide shift rea-
gents provides one of the few methods to obtain structural in-
formation of molecules in solution. The application of shift rea-
gents is based on the relation between the dipolar or pseudo con-
tact shift and the geometry of the lanthanide substrate complex. 
Two major problems are encuuntered in the analysis of NMR shifts 
induced by lanthanide complexes. First, in a solution, containing 
a lanthanide shift reagent L and a substrate S, different com-
plexes may be formed, like LS and LS. (1), and fast exchange of 
the substrate molecules may occur between the free and the differ-
ent bound situations. Consequently, the observed NMR shift is an 
averaged shift, which is not directly related to a particular com-
plex. Secondly, the shift induced in the substrate upon complexa-
tion with the shift reagent is not purely dipolar in origin. In 
general, both diamagnetic effects and fermi contact interaction 
contribute. 
Thus, in order to obtain the structural information comprised 
in the NMR shifts two critical steps are involved in the analysis: 
(i) separation of the shift contributions of the different com-
plexes in solution to the observed shifts; (n) determination of 
the pseudo contact contribution to the shift in a particular com-
plex and analysis of this contribution in terms of the geometry 
of the complex. The first step is dealt with in this paper, the 
second step is the subject of the following paper. 
The characterization of the complexes present m a solution 
containing a shift reagent and a substrate is not only complicated 
by the formation of more than one type of complex, but also by the 
dimenzation of the shift reagent itself (2). The use of Scatchard 
plots in the analysis of the observed shifts (3) becomes ambiguous 
if such dimers L_ occur. Furthermore, the NMR shift is not a di-
rect measure of the number of bound substrate molecules, unless 
46 
the shifts for the substrate happen to be the same in all com­
plexes. Such a situation is not very likely to occur, since the 
dipolar shift is governed by the magnetic amsotropy, which is 
usually different in different complexes. This dilemma can be 
solved by a statistical analysis of the shifts which accounts 
for the presence of the different types of complexes (4). A sec­
ond possibility is the selection of a system in which one type of 
complex predominates. 
We have investigated the NMR spectra of the substrates 1,2-di-
methoxyethane (CH OCH CH OCH , DME), l-methoxy-2-n-octyloxyethane 
(CH3OCH CH 0(CH ) CH3, MOE) and 1,2-dimethoxy-4,5-dimethylbenzene 
( (CH.J „C,,H,. (OCH,) _, dimethylveratrole = DMV) m the presence of J 2 b A J Ζ 
the shift reagents Ln(fod), (fod = 1,1,1,2,2,3,3-heptafluoro-7,7-
dimethyl-4,6-octanedion). These substrates all have the moiety 
C-0-C-C-O-C. Grotens et al. (5) obtained circumstantial evidence 
that these bifunctional ethers bind bidentally to the lanthanide 
shift reagents and that they probably fulfil the condition that 
one type of complex prevails in solution. In order to obtain 
quantitative information on the binding modes of these molecules, 
the NMR shifts were studied as a function of the concentrations 
of shift reagent and substrate, and competition experiments were 
performed between the bifunctional ethers and the monofunctional 
ethers methyl-n-butylether (CH О(CH,),CH,, MBE) and anisóle 
(C-H.OCH,). The ethers MBE and anisóle were chosen because of 
their resemblance with the ethers DME and DMV except for the bi-
functional cnaracter. Combination of the results of these experi-
ments with the equilibrium constants, obtained separately for the 
binding of MBE to Pr(fod),, yielded detailed information on the 
association of the bifunctional ethers to the shift reagent. 
3 2 Theoretical aspects 
3 2 1 Binding constants and initial slopes 
In a solution containing a lanthanide shift reagent L and a 
substrate S several equilibria can be envisaged, i.e. 
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a n d 
L + S J LS , [ L S ] / [ L ] L S ] = К 
LS + s ; y L S 2 , [ L S 2 ] / [ L S ] [ S ] = K. 
L + L : L 2 , [ L 2 ] / [ L ] 2 = Kd . 
ml' 
m2 ; 
When the substrate is able to bind bidentally, an additional equi­
librium is involved 
LS J LS b, [LSb]/[LS] = K. 
mb 
Throughout this paper the superscript b denotes that the substrate 
is bound bidentally, whilst the absence of this superscript re­
presents monodentate binding. The reactions Eq. |l-4| are shown 
schematically in Fig. 3.1. 
. + L 
1 - 2 ^ = ^ L ^ 
+s 
Kml 
LS: 
+ s 
m2 
LS 
LS[ 
hig. 3.1: Reaction schemn f с r the irirding of a hi dentate sub-
ri trate S to Ih e s^ i-Ft reagent L. The equilinrlun con­
stants i π di cat G с are asscciation constants. 
The formation of LS_ and LS complexes can also be defined 
by the overall reactions 
and 
L + S t LS b , [ L S b ] / [ L ] [ s ] = Kb = K m l K m b 
L
 + 2S i LS 2 , [LS 2 ]/[L] [S] = Km 2 = K ^ K ^ 
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The concentrations of the various species in solution are governed 
by Eq. ¡1-4[ and by the total concentrations of shift reagent 
(ГіЛ ) and substrate ([s] ) L
 -· о о 
[L]
n
 = N + [LS] + [LS-] + [LSb] + 2[L ] |7| 
and 
[S] 0 = [S] + [LS] + 2[LS2] + [LS
b] . ]8| 
Once the concentrations of the different complexes are known, the 
chemical shift S of a substrate nucleus can be calculated as a 
weighed average over all magnetic environments in which the sub­
strate occurs 
6
 =
 fLS 6LS + fLS 2 ÄLS 2 + f L S b f L S b l9l 
where f is the fraction of substrate molecules bound in complex 
X and 6 is the bound shift, i.e. the chemical shift of the sub-
h 
strate nucleus in that complex (X = LS, LS , LS ); all shifts are 
referenced against the resonance position of the free substrate. 
As for the interpretation of the bound shifts, it is important to 
note that the magnetic environments of the two substrate molecules 
in LS 0 will generally be different. Therefore ST_ represents the 
Z Loo 
average shift for the substrate nuclei in this complex. 
In titration experiments, where the shift is determined as a 
function of the [L] /[s] ratio, the initial slope, β, of the ti­
tration curve at low values of [L] / [ S ] is often taken as a di­
rect measure of the shift in the 1 : 1 or 1 : 2 complexes. 
Only if one of the complexes LS, LS or LS prevails in solution, 
the initial slope is governed by one of the bound shifts, i.e. 
β = 5 T Cw 25 T_ or б-г-Ь, respectively. Whether one of these limits 
is achieved will of course strongly depend on the association con­
stants and on the total concentrations of shift reagent and sub­
strate, since the relative concentrations of the various complexes 
are given by 
[LS2]/[LS] = K m 2[s] | 1 0 i 
2 ] / [ b S b ] = K m 2 [ s ] / K m b [ L S ? ] / L = , S h . | 1 1 
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In order to establish the experimental conditions required to at­
tain each of the three limits, the shift for these situations was 
calculated using Eq. |l-9|. The mathematical procedure by which 
the results, given below, were obtained, is outlined in the ap­
pendix. Since we want to relate the initial slope to the shift in 
a particular complex, it is assumed that [s] >> [L] . 
(a) predominantly LS formation 
This limit holds when equilibrium Eq. |l| is shifted to the 
right and equilibria Eq. !2-4| are shifted to the left. This is 
achieved if 
К . Fs] >> 1 + К
 0 [ s ]
2 
ml ' J о m2 L -1 о 
(К . [s] ) 2 >> 8K, [L] I 121 
m l L J o d L J o ' ' 
К . < < 1 
mb 
Then one has 
FL] / ι 2к, FL] 
И о V L KmlLS]o ^ т і И о ) 2 
δ = — £ ί 6
Τ
„ (i d 0 ) + Іізі 
+ K
mb ^Lsb-^LS» + Km2Mo ^ ^ - в^) 
Thus, under the conditions Eq. ¡12|, the initial slope β is equal 
t 0
 áLS· 
(b) predominantly LS^ formation 
The 1 : 2 complexes prevail when К ^ is large compared to 
the other binding constants. The conditions are 
К Л з ] 2 >> 1 + (Κ , + К, ) Fsl I 14 I 
m 2 L - о ml b L J о ' ' 
(К - [s]2)2 >> 8к,Гь1 
m 2 L J o d L J o 
and one obta ins 
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[L] / 1 2K, [Li 
5 = i
^ 2 6 L S ( 1 йіІ£_,
 + | 1 5 | 
о 
( 6 L S - 2 5 L S > K m b ( 6 L S b " ^ L S , 1 
κ τ [s] к „ fsl 
m2 L J o m2 L J o 
As e x p e c t e d one has 3 = 2δ . 
(с) рте domin an Ыу LS formation 
This s i t u a t i o n i s encountered when the subs t ra te binds 
s t r o n g l y b i d e n t a l l y : 
K b ^ o " 1 + Ï Ï m 2 ^ o 
( K b [ s ] o ) 2 » 8K d [L] o I 16 I 
К , >> 1 
mb 
In this limit the shift is given by 
17 
[L] / 1 2K, [L] 1 - h Π _ dL J o 
YbS~ '" Kb[s]o (K b[s] o)^ T 
( 5 L S - 6 L S b ) K m 2 ^ o ( 2 6 L S 2 -
 5 L S b ) 
к , к . 
mb mb 
The initial slope is essentially given by β = 6 „b . 
Some general aspects of these three limits are noteworthy. 
(i) In order for one complex to be primarily present in solution 
the condition [s] >> [L] is not sufficient. The higher the ap­
propriate binding constant (s), the lower the concentration of 
free substrate, needed to satisfy the requirements for one of the 
three limiting cases. As a result the condition Fsl >> '"L] be-
= -
 J
 о
 L· J
 о 
comes less stringent. 
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(ii) Corrections to the initial slope due to the formation of 
complexes other than the prevailing one are governed by the dif­
ferences between the shifts δ
τ ο
, δ
τ
„b and 2ό
τ
_ 
Lb Lo Lbo 
(ivi) In all three limits the initial slope is insensitive to the 
total concentrations within the limits set by Eq. |12,14,16 . 
Thus, if experimentally the initial slope is independent of the 
total concentrations [L] and [s] , it can be concluded that the 
bimolecular reactions are shifted to one side and either 1 : 1 
(LS and LS ) or 1 : 2 (LS_) complexes are prevailing. 
3.2.2 Competition experiments 
To obtain more quantitative information about the binding 
modes of bifunctional compounds, competition experiments have 
been performed between mono- and bifunctional ethers. Suppose 
substrate В binds strongly bidentally and limit (c) holds for 
this substrate. Then one obtains 
fLBb = [LB
b]/[B]
o
 = 6
o b s/6 L Bb . |18| 
where ί , is the shift observed for the B-nuclei. Furthermore, 
obs 
let A be a monofunctional substrate subject to the equilibria 
Eq. |1,2[. The ratio Κ,(Β)/Κ (A) is then given by 
Kb(B) fLBb [A]
2 
'191 
K
m 2 ( A ) ^ L B * [ЬА2І 
The concentrations [A] and [LA_] cannot be determined directly 
from the shifts of the A protons. However, limiting values can be 
given. The concentration of LA- complexes is less than or equal 
to the concentration of shift reagent not bound to В 
[LA2] < [L] 0 - [LB
b] !20| 
and the concentration of free substrate A is then 
[A] > [A] 0 - 2 { [L]o - [LB
b] } . |21| 
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The more the concentration of A is increased, the better the 
equality sign in Eq. ¡20,211 will hold, since the equilibrium Eq. 
\2\ is shifted to the right. Substitution of Eq. |20,2l] in Eq. 
|19| and introduction of the molar ratios a = [A] /[L] and b = 
M 0 / [ L ] 0 Yields 
Kb(B) fLB b { a + 2 b f LBb - 2}2 
[Ll = α \22\ 
K
m 2 ( A ) 1 - fLB b 0 1 - b fLB b 
With increasing [A] the right handside α of Eq. !22| becomes 
closer to the actual ratio K, (B)/K -(A). Thus calculation of α 
b m¿ 
from the observed В proton shifts for various values of [A] and 
extrapolation to [A] = » yields the best estimate of 
Kb(B)/ÏÏm2(A)· 
3.3 Experimental 
3.3.1 Materials 
MBE (n, = 1.3740; boiling point 70-71 C) was prepared ac-
cording to ref. (6). Anisóle and DME (both Merck-Schuchardt) were 
used directly from stock. DMV was a gift from Andeno B.V., Venlo, 
Holland. MOE was prepared by reacting 2-methoxyethane-l-ol 
(Fisher) with 1-iodo-n-octane (Brickmann) in xylene (7). No impu-
rities could be detected by proton NMR in any of these substrates. 
The shift reagents Lnifod), with Ln = La, Nd, Gd, Tb, Dy, Ho 
and Er were prepared from Ln(NO,), (Research Chemicals) and Hfod 
(Pierce) as described by Springer et al. (8). The fod complexes 
with Ln = Pr, Eu and Yb were purchased from Alfa Ventrón and used 
without further purification. All shift reagents were stored over 
P_0_ in vacuo. The solvent CCI. (Merck) was stored over molecular 
sieves (Union Carbide, 3 A) 
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3.3.2 Methods 
The NMR experiments were peiformed on a Varian XL100-FT 
spectrometer at ambient probe temperature (31 + 1 C ) . The field 
19 to frequency ratio was stabilized by a F external lock. The 
volume of the solutions were measured by means of a calibrated 
sample tube with an accuracy at about 2%. The proton NMR shifts 
were obtained as a function of the ratio [L] /[s] by adding well 
defined amounts of substrate or substrate solution in CCI. to a 
4 
0.09 M solution of Ln(fod).. in CCI.. After each addition the sam­
ple was allowed to adjust to the probe temperature for five mi­
nutes before the NMR spectrum was recorded. TMS was used as an 
internal reference when shifts to low field are induced (Ln = Eu, 
Er, Yb) and benzene for reagents shifting to high field (Ln = Pr, 
Nd, Tb, Dy, Ho). In this way for each of the Ln(fod)., complexes 
with Ln = Pr, Nd, Eu, Tb, Dy, Ho, Er and Yb combined with each of 
the substrates DMV, DME and MOE fifteen to twenty spectra were 
recorded with [L] / [ S ] between 2.0 and 0.00 7. For the system 
Pr (fod)-,/MBE the shift data for low Гьі / Tsl ratios (between 3 u J о - - о 
2.08 and 0.02) were obtained by adding pure MBE to the Prifod).. 
solution; the data for high [L] /[S] (between 60. and 2.08) by 
adding a 0.084 M solution of MBE in CCI. to the Pr(fod)3 solu­
tion. The concentration dependence of the proton shifts at con­
stant [L] /[s] was measured by stepwise dilution with CCI.. The 
concentrations FLI and Tsl in all samples were calculated from L J
 0 •- - о 
the weighed amount of shift reagent, the volume of substrate ad­
ded and the sample volume. For the analysis of the MBE data, the 
1-H proton shifts were used, since the resonance peak of this 
proton was well separated from other peaks in the spectrum over 
the whole range of [L] /[s] values, so that its resonance posi­
tion could be determined with high accuracy. 
The competition experiments were performed by adding well 
defined amounts of the A substrate to a solution containing the 
shift reagent and the В substrate in CCI., having [L] / [ B ] = 
0.5. 
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3 3 3 Numerical calculations 
The bindma constants and the shifts of the bound substrate 
molecules were derived from the experimental data, applying the 
non-linear minimization program MINUIT (from CERN, Genève). The 
shifts were calculated from Eq. |l-9| using the equilibrium con-
stants and the bound shifts as fitting parameters. The square of 
the standard deviation, σ, between observed (δ , ) and calculated 
obs ^ (i . ) shifts was minimized by varying the parameters, σ is dé-
cale 
fined as 
Ν , 2 
2 г calc,i obs,i 
σ = Z, 
N - N i = l par 
where N is the number of observations and N is the number of 
oar 
parameters. For the system Pr(fod) /MBE a five parameter fit was 
performed accounting for the equilioria Eq. [l-3|. The parameters 
are К ., К ^, К,, 6
Т
^ and δ,.„ and Ν = 25. For the bidentate sub-
mi m2 d LS LS2 
strates a fit with two parameters K, and 5 T Cb was carried out ac-
counting for equilibrium Eq. |5|. 
The error limits of a particular parameter X are obtained by 
a numerical search for the extreme values X and X of that 
Ρ m m max „ 
parameter for which σ is less than twice the minimum value σ , 
^ m m 
leaving all other parameters free. In this way the dependences 
between the parameters are taken into account rigorously. The in­
terval X , X corresponds to the 95% confidence interval of 
m m max ^ 
the parameter X. 
All numerical calculations were performed on a IBM 370/158 
computer. 
3 4 Results 
In order to assess the relative importance of the different 
modes of binding of mono- and bifunctiona] ethers to Ln(fod) 
compounds, a number of experiments have been carried out which 
will be discussed in the following order. First the binding of 
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MBE to Pr(fod), in CCI. was investigated. Secondly, information 
on the binding constants of the bifunctional ethers ПМЕ, МОЕ and 
DMV was obtained from titration experiments and from competition 
experiments with the monofunctional ethers MBE and anisóle. 
3 4.1 Pr(fod)3/MBE in CCU 
Fig. 3.2 shows in a semiloganthmic plot the behaviour of 
the shift of the methoxy protons (1-H) of MBE as a function of 
[L] /[s] . The ratio [L] /[s] is varied over more than three de-
cades. Upon addition of the lanthanide complex the shift of the 
methoxy protons increases until it reaches a maximum at an [L] / 
fs] ratio of about 0.5 and then decreases and levels off at a 
ratio [L] / [ S ] = 10. This behaviour clearly indicates that not 
6(ppm) 
100 
[L]0/[S]D 
big. 3.2: Proton N^ IR shift cf the methoxy protons of MBE in the 
presence of Pr(fol) in ГГ1 solution at Т1 C. The ob­
served total •-hift aid thp calculated contributions o-f 
L-J'B) and LS (A) ссгэіехез te the total sh_ft are 
shown. The synbols X anr1 o rpfer to ci^-erent serips 
of pxpenmsnts (ьое expe rimprt a 1 section). 
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only LS complex formation occurs, but that the reactions defined 
m Eq. |1-3| are involved. Therefore the shifts were analyzed by 
the five parameter fitting procedure described in the previous 
section. The best fit to the observed shifts was obtained with 
the following parameter values 
-1 
К , = 30 M 
ml К ., = 8 M m2 Kd = 
6 T c = -54 ppm and -"L·- = -20 ppm, with a standard devia-970 M 
J-JO 
tion σ = 0.036 ppm (see experimental section). A fit to the 
m m 
experimental data omitting the monomer dimer equilibrium Eq. |3| 
(i.e. assuming K, = 0) yields a standard deviation σ = 0.3 ppm, 
showing that this equilibrium cannot be neglected. 
In Fig. 3.3 the concentration dependence of the 1-H shift is 
shown at a constant ratio [L] / [s] =2.08. In both Figures 3.2 
and 3.3 the contributions from LS and LS complexes to the total 
0 0 02 010 
[L],, IM) 
Fig. 3.3: Proton N1R shift of the motbox^ protons of MBE in t ь 8 
ргеьепср of Pr(fod)„ a* 31 L and constant Γι_ I / fsl 
3 '- -' о '- J о 
2.0 as a function of the total shift reagent concen­
tration. The cDSPrved total rhift Co) and the c o n t n -
tr^tions to the shift a* Lb [.Mi and LS (A) co"iDlGxes 
are shown. 
57 
shift, calculated on the basis of the fit, have been added. Fig. 
3.2 clearly demonstrates that only to the far left or to the far 
right of the plot, one type of complex is present in solution. 
At the left hand side of the curve for Гь"! / fsl < 0.03 only LS_ 
L J
 o
 L
 -" о ъ 2 
complexes are found while at the right hand side for [L] /[s] 
> 20 only LS complexes are present. In these two limits the equi­
librium Eq. |2| is completely shifted to the right or to the 
left, respectively. It is important to note that these limits de­
pend on the total concentration [L] . This is demonstrated in 
Fig. 3.3, where it is shown that at a constant ratio [L] /[s] 
6 0 b s ( p p m ) 
-Ц 
-3 
-2 
-1 
0 
0 05 0.10 
ω,/и. 
F i g . 3 . £ : I n i t i a l part с f t b G t d t r a ' i ' j n c u r v e g i v e r i n F i g . ' І . 2 
f o r t n e ьу = -."т, ^ г ' ^ с И ) / M L T ί η Γ Γ 1 . 
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СНэ-0-СН
г
СН
г
-СН2-СНз 
/ 
О 
/і-н 
2.08 the equilibrium Eq. |2| is shifted completely to the left 
3 for ГіЛ < 5 χ 10 
L
 -> о ^ 
M. The initial part of the titration curve 
of Fig. 3.2 is shown on a linear scale in Fig. 3.4. Below [L] / 
[s] = 0.1 the observed shift is proportional to [L] / [ S ] and 
the slope of the curve is -41.4 ppm which agrees with the value 
of 26
 a
 = -40 + 2 obtained from the fit, within the error lim-
its. 
3 4 2 Ln(fad)1/DME МОЕ and DMV ш ССЦ 
For these systems the 6 . versus [L] / [ S ] plots turn out 
to be very close to "ideal" curves expected for infinitely strong 
1 : 1 binding. This is illustrated in Fig. 3.5b where the shifts 
Wo/Mo 
Fig. 3.5: Proton Ν'MU shifts for tKe systen PrtfoJl /DML in CCI 
at 31 ". (э) jhift of the -od ._Н - ο ΓΟΪ о - з versus Г;] / 
L J
 о [ L ] Í ( D ) s n i f t c f t h " C H ^ - p r o t o i - s = f UT v p r s u s [ L " / L J
 о 2 L ^ о 
[ s ] . " т е G e l i d ^ m e ι · t h s s x p p o l ' d c u r v e For i n f i n ­
i t s l y s t r o n g 1 : 1 h i n d n g . 
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of the GH- protons of DME in the presence of Pr(fod) are shown. 
The limiting shift at high [L] / [ S ] ratios is equal to the ini­
tial slope and the shift observed at [L] /[s] = 1. is only 7% 
below that value. Moreover, the curve is insensitive to the to­
tal concentration ГіЛ . When ГіЛ is decreased from 0.1 M to 
_
 L
 J о L J о 
4 χ 10 M at constant ГіГ /fsl = 1. the observed shift de-
L
 - о
 L J
 о 
creases only 3%. This contrasts completely the results of the MBE 
system (compare Fig. 3.3). These observations indicate a very 
strong 1 : 1 binding of DME to Pr(fod)-. Complementary support 
for this conclusion is provided by the behaviour of the shift of 
the CH protons of the fod ligands. In Fig. 3.5a the shift <5 
en 
of these protons relative to the shift observed in the absence 
of substrate is plotted versus [s] / [ L ] . Upon addition of DME 
the CH signal is shifted downfield until [s] / [ L ] = 1. When more 
than one equivalent of substrate is added no further changes in 
6-„ take place. This is again in contrast with the MBE system 
where 6_,TT levels off not before fsl / [іЛ = 10. Thus, when DME is CH L Δ о '- л о 
the substrate, there are no essential changes in the binding of 
the shift reagent when [s] > [L] and on the other hand the bind­
ing of the substrate does not change when [L] > [s] . In conclu­
sion, the binding of DME to Pr(fod).. is strong and 1 : 1 complex 
formation is predominant throughout the concentration range stud­
ied. Similar conclusions can be drawn from the observations made 
for the other systems with Ln = Pr, Nd, Eu, Tb, Ho, Er, Yb and S 
= DME, DMV, MOE. 
The most plausible explanation for the difference in behav­
iour between DME and MBE, is the bidentate binding of DME giving 
rise to the so-called chelate effect, well known in inorganic 
chemistry. Consequently, the equilibrium Eq. |4| is shifted to 
the right when DME is the substrate. The same explanation ac­
counts for the strong binding of MOE and DMV. 
Because of the strong binding of the bidentate substrates, 
information about the absolute value of the binding constants is 
contained only in a few data points around [L] /[S] = 1 and 
even there the deviation from the ideal curve is small. A seven 
parameter fit (K , , К _, Κ,, Κ , , 6rí., 5
Τ
„ , δ
τ
 „b) is not mean-
ml m2 α mb LS L S T LS 
ingful in this situation. Therefore, the experimental shifts were 
fitted with K, and 6 T Cb as the only parameters. The resulting 
D LS 
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ó b values agree very well with the initial slopes. The result-ilo 
ing values for K, are listed in Table 3.1. 
TABLE 3.1: Log IC (K, in M ) FOR THE BINDING OF THE BIFUNCTIONAL 
ETHERS TO Ln(fod)., AT 31 С AS OBTAINED FROM A FIT OF 
THE L + S J LS EQUILIBRIUM TO THE OBSERVED SHIFTS 
. Ln 
S 
DME 
MOE 
DMV 
(SEE 
Pr 
3.8 
3.6 
> 4 
TEXT) 
Nd 
3.5 
3.6 
3.4 
Eu 
3.7 
3.4 
3.4 
Tb 
4.5 
4.4 
2.9 
НО 
5.2 
3.1 
4.2 
Er 
4.3 
2.7 
3.6 
Yb 
2.8 
2.8 
2.7 
3.4.3 Competition experiments 
In order to gain further insight into the relevant binding 
parameters, competition experiments were carried out along the 
lines indicated in the theoretical section. MBE was chosen as the 
A substrate to displace the В substraten DME or МОЕ, while ani-
sole was chosen to replace DMV. As a cross check on the proce­
dure, competition experiments were performed between DMV and MBE 
and between DMV and DME. In all cases Pr(fod) was used as the 
shift reagent. From the shifts observed for the В protons [LB ] 
was calculated using Eq. |l8|. In Fig. 3.6 the fraction of shift 
reagent bound to the В substrate, [LB ] / [L] is plotted as a 
function of the molar ratio ГАІ / Г В І . Note that anisóle is hard-
*-
 J
 о '-
 J
 о 
ly able to compete with DMV in binding to the shift reagent: a 
twentyfold excess of anisóle displaces only 1% of DMV from the 
complex. Although the other curves in Fig. 3.6 drop faster when 
[A] / [ B ] is increased, the effects are still small. When a ten-
fold excess of MBE is present 5% DME, 12% МОЕ or 24% DMV is dis­
placed. 
The equilibrium constants derived from the experiments are 
presented in Table 3.2 (indicated by the labels I - IV). To find 
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[Α]
Β
/[Β]β 
Fig. З.Ь: Compétition of A and В suη strafes binding to D r ( f o d ) Q . 
"the -Practicn of shift г в a g в г t L о u η d to the Э molscjle: 
is plotted versus the melar rdtio Глі / Гз] [Λ ij И;ЗЕ 
'-
 J
 o
 l
-
 J
 o 
or Anisole; В is ЭМУ, ЭИР or ΓϋΕ). 
out whether the competition depends on the lanthanide ion, two 
experiments (V and VI) were carried out with Eu(fod).. and 
Yb(fod) . With the latter shift reagent only a lower bound could 
be determined for the ratio of the binding constants. Experiments 
employing the complexes of other lanthanide ions are hampered by 
exchange broadening effects. Throughout the competition experi­
ment between DME and DMV (exoeriment VII) we found that 
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TABLE 3.2: RATIOS OF BINDING CONSTANTS OBTAINED FROM COMPETITION 
EXPERIMENTS (SEE TEXT) 
I 
II 
III 
IV 
V 
VI 
VII 
L 
Pr(fod) 3 
Il M 
tl M 
tl tl 
Eu(fod) 
Yb(fod) 3 
L 
Pr(fod) 3 
A 
Anisole 
МВЕ 
II 
tl 
МВЕ 
tl 
в 
DMV 
В 
DMV 
DME 
МОЕ 
DMV 
DME 
M 
В' 
DME 
K b(B)/K m 2(A) 
1.8 χ IO4 
8.6 χ IO 2 
2.6 χ IO2 
1.2 χ IO 2 
1.1 χ IO 3 
> 2 χ IO 2 
^w/^iB') 
0.13 
И о Х в
+
 [В,]о 'Чв. = Mo 
with В and В' representing DME and DMV, respectively, and δ and 
6' denoting the observed shifts of the DME and DMV protons. Since 
the terms on the left hand side just equal the concentrations of 
L bound to DME and to DMV, respectively, this confirms the as­
sumption that all shift reagent is bound. Combining the results 
of experiments IV and VII yields К (DME)/К
 2(MBE) = 9.0 χ ΙΟ
2
 M, 
which compares nicely with the ratio 8.6 χ 10 M obtained inde­
pendently from experiment II (see Table 3.2). 
From the competition experiments only ratio's of equilibrium 
constants can be determined. Combination, however, with the re­
sults obtained for the binding of MBE to Pr(fod)- yields the K, 
for the three bidentate substrates (experiments II, III and IV) 
and К - (anisóle) (experiments I and IV). The association con-
stants for the equilibria Eq. '1,2,41 of the bidentate substrates 
were obtained approximately by assuming that the LS binding of 
MBE, DME and MOE is intrinsically the same, i . e . К , (DME) = Κ , 
ml ml (МОЕ) = 2K .(MBE) and К .(DME) = К „(МОЕ) = 2K _(MBE). An analo-
ml m2 m2 m2 
gous assumption is made for DMV and anisóle, leading to К (DMV) 
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TABLE 3.3: EQUILIBRIUM CONSTANTS AT 310C FOR THE BINDING OF VARI­
OUS ETHERS TO Pr(fod)3 IN CCI. SOLUTION 
Substrate 
MB E 
DME 
MOE 
Anisole 
DMV 
K
ml 
M" 1 
30 
60 
60 
2.5 
5. 
K
m2 
M" 1 
8 
16 
16 
0.7 
1.3 
mb 
-
-
3500 
1100 
-
6000 
К
ш2 
м"
2 
250 
1000 
1000 
1. 
6. 
6 
,6 
Kb 
M"1 
-
200000 
66000 
-
30000 
= 2K .(anisóle) and К
 n
(DMV) = 2K
 n
 (anisóle). If, in addition, 
ml m¿ mz 
the ratio Κ ,/К _ is the same for MBE and anisóle, all binding 
ml m2 ' ^ 
constants can be deduced. The resulting values are given in 
Table 3.3. 
3.5 Discussion 
3.5. ] The binding constants 
The results of the previous section unequivocally show that 
the study of the interaction of lanthanide shift reagents with 
their substrates may be complicated by a number of reactions like 
the formation of LS, LS-, LS and L- complexes. An interesting 
feature arising from the present study is the large difference in 
binding strength of mono- and bifunctional ethers. Before elabor-
ating on this, we will first consider some aspects concerning the 
determination of the various binding constants. 
It is noteworthy that for the binding of MBE to Pr(fod)- the 
ratio Κ ,/К _ = 3.8 is close to the value of 4 expected for in-
ml m2 ^ 
dependent binding of the two MBE molecules. The large difference 
in NMR shift of the methoxy protons in the 1 : 1 and 1 : 2 com­
plex (6T_ = -54 ppm and 6T_ = -20 ppm) arises probably from a 
Lo Libo 
change in the magnetic anisotropy upon binding of the second sub­
strate molecule. 
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In spite of the small deviations between calculated and ob­
served shifts, σ . being 0.036 ppm, the errors in the fit para­
meters are appreciable: log К , = 1.48 ± 0.15, log К _ = 0.90 + 
^^ ^ ml ^ m2 
0.10, log K, = 3.0 ± 0.5, 6T(, = -54 ppm ± 12 ppm and 6TC, = -20.0 
± 1.0 ppm. This is due to correlations between the parameters as 
can be seen from the correlation coefficients given in Table 3.4. 
The correlations are non-negligible although they were minimized 
by varying [L] /[S] over three decades, including the limits 
where Eq. [2[ is shifted far to the right or to the left, and by 
varying [L] at constant [LJ / [s] . The latter type of experiment 
is indispensible, because of the bimolecular character of the re­
actions Eq. |1-3¡. 
As indicated in the previous section, the results obtained 
for the bifunctional ethers are clearly different from those ob-
tained for MBE in that they show almost ideal titration curves 
characteristic of strong binding. This is independently supported 
by the insensitivity of the & , versus ГіЛ /fsl curves to the 
ODS О ^ О 
total concentration [L] or [s] , again in contrast with the 
Pr(fod)3/MBE system. This means that in the case of the bifunc­
tional ethers the equilibria Eq. ¡2-3| are shifted to such an ex-
tent that the binding is predominantly 1 : 1 or 1 : 2. The shape 
of the titration curves, i.e. the bending point at rL] /fsl = 1, 
w J
 о
 L J
 о 
and the behaviour of the fod resonances prove that the 1 : 1 com­
plexes prevail for the bifunctional ethers. 
TABLE 3.4: CORRELATION COEFFICIENTS OF THE FITTING PARAMETERS 
FOR THE SYSTEM Pr(fod) /MBE IN CCI 
K
ml 
K
m2 
Kd 
6LS 
6 L S 2 
ml 
1 
0.18 
0.77 
0.16 
0.21 
K
m 2 
1 
0.30 
0.54 
0.96 
Kd 
1 
0.77 
0.77 
«LS 
1 
0.93 
4 
1 
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The absolute values of the various association constants of 
strong binders are difficult to assess from NMR shift measure­
ments, as was pointed out in the previous section. The values for 
K, given in Table 3.1 which were obtained from a fit that ac­
counted only for the reaction Eq. |5|, should be regarded as 
rough estimates of the actual binding constants. 
Finally the results of the competition experiments show that 
generally the aromatic ethers are binding weaker to Pr(fod).- than 
the aliphatic ones. Combining the results of experiments I and IV 
in Table 3.4 yields К ,, (anisóle)/К _ (МВЕ) = 0.007 and К, (DMV)/К. 
m¿ m¿ b b 
(DME) = 0.13 (experiment VII). 
3 5 2 The chelate effect 
We have attributed the pronounced difference m binding 
strength between the mono- and bifunctional ethers (see Table 
3.2) to the so-called chelate effect. This is defined as the log-
arithm of the ratio of the binding constants K, and К _ (9). By 
b m¿ 
comparing DMV with anisóle (experiment I) and DME and МОЕ with 
MBE (experiments II and III) one finds 
chelate effect DMV = 4.3 
chelate effect DME - 2.9 
chelate effect МОЕ = 2.4 
Apparently, the chelate effect is much higher for the rigid DMV 
molecule than for the flexible ethers DME and MOE, such that the 
negative effect of the aromatic ring in DMV on the first binding 
step (see the values of К , in Table 3.3) is compensated in the 
ml 
second step Eq. |4| (see the values of К , in Table 3.3). As a 
result the overall binding of DMV is not mucn weaker than the 
binding of DME, in contrast with anisóle as compared to MBE. 
The chelate effect of DME is approximately the same for the 
binding to Pr(fod), (experiment II) and Eu(fod).- (experiment V) . 
The result obtained with Yb(fod), does not contradict an inde-
pendence of the chelate effect of the lanthanide ion. 
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3 5 3 LS2 complex formation 
The importance of LS ? complexes of MBE with Pr(fod) in CCI. 
solutions is evident from the results presented in the previous 
section. LS complexes are prevailing only at low free substrate 
concentrations (see Fig. 3.2 and 3.3). At higher substrate con­
centrations LS complexes become predominant (see Fig. 3.2) and 
the initial slope of the S , versus [L] /[S] curve is governed 
by the shift of the LS- complex. With the values obtained for the 
binding constants it is found that limit (b) (see theoretical sec­
tion) holds when [s] > 1 M and [L] > 0.1 M. Substituting the 
values found for the equilibrium constants m Eq. [15І one cal­
culates that the difference between β and 26,. „ is of the order 
Loo 
of -1 ppm, which compares Vvell with the observed difference of 
-1.4 ppm. 
The relative concentrations of the different complexes of 
the bidentate substrates with Prffod)^. were calculated using Eq. 
|10,111 and the values m Table 3.3. At a free substrate concen­
tration of 2 M, wnich is about the highest concentration em­
ployed m the titration experiments, the molar ratios [LS J : 
[LS] : [LS-] are found to be approximately 1 : 4 χ 10 : 2 χ 
10~4 for DMV, 1 : 10~2 : 3 χ IO - 4 for-OME and 1 : 3 χ 10~2 : 10~3 
for MOE. Obviously, LS complex formation is predominant for 
these substrates even up to [s] = 2 M. This is in accord with the 
conclusions arrived at in the previous section using more quali­
tative arguments. As for the initial slope β, the values of the 
equilibrium constants ensure that limit (c) holds and β is equal 
to 5TCb for these substrates. Using Eq. |17 one finds that the 
corrections to the initial slope, due to contributions of LS and 
LS- complexes to the observed shift, are negligibly small, par­
ticularly for DMV. 
3 6 Concluding remarks 
For a system in which both 1 : 1 and 1 : 2 complex formation 
occurs, it is difficult to determine the various binding con­
stants and bound shifts accurately. Under carefully chosen exper-
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imental conditions, & can be obtained from the initial slope 
JjO -} 
β. However, the interpretation of 6
τ η
 is questionable because of 
its ambiguous definition (see theoretical section). On the other 
hand δ is well defined, but the accurate determination of this 
.Lb 
shift is hampered by the presence of LS_ complexes and L. dimers 
(see discussion). 
The bifunctional ethers DME, MOE and DMV provide substrates 
that bind predominantly bidentate. As a result, the NMR spectrum 
of these substrates in the presence of Ln(fod)-. is governed by 
the LS complexes and LS and LS_ complexes only play an negligi­
ble role. Moreover, the binding of these substrates is strong, 
which favors the accurate determination of δ b. 
IJ О 
Therefore, the bifunctional ethers studied are very well 
suited to tackle the second problem mentioned in the introduc­
tion, i.e. the separation of the contribution of the different 
mechanisms to lanthanide induced shifts (see next paper). 
3.7 Appendix 
The shifts in the limiting cases (a) - (c) , Eg. | 13,15,17), 
and the attendant requirements, Eq. |l2,14,16|, were obtained as 
follows. Eq. |7|can be rewritten with the aid of Eq. |l,3,5,6| to 
[L]
o
 = Q[L] + 2K d[L]
2
 |23| 
where Q stands for 
Q = 1 + (K
ml + Kb)[s] + K m 2[s]
2
 | 24 | 
The free shift reagent concentration [L] can be expressed in 
terms of the binding constants and the free substrate concentra­
tion using Eq. |23|. In the limit that 
Q 2 >> 8К,ГіЛ I 25 I 
d L - о ' ' 
one obtains 
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where 
И о 
И = (1 - AL) J 2 6 I 
2 KdWo 
Д
ь
 = — « 1 |27| 
When the value of [s] is known the concentrations of all species 
in solution are calculated readily by substitution of this value 
and of Eq. |26| in Eq. |1-4|. In general, it is difficult to ob­
tain [s] from the equations. However, in the limit [s] >> [L] 
one is permitted to write 
И = [S] 0 (1 - Δ3) |28| 
and from Eq. |1,5,6,8,26,28| one finds that Δ << 1 provided that 
СЭ = 1 + (K. + K, ) [sl + К Jsjl >> 1 . | 29 ¡ 
о ml b ·- J о m2 '- J о ' 
In this situation Eq. |25| reduces to 
Qo » 8 K d M o ' I301 
If we restrict ourselves to those cases were Eq. |29| is ful­
filled either by 
K„ 0[S]^ >> (к . + к. ) [s] + ι , | 311 
m¿ о ml b o 
i.e. predominantly 1 : 2 binding, or by 
iK
ml + V ^ o " m^2^ o + 1 ' I 3 2 I 
i.e. predominantly 1 : 1 complex formation, the concentrations of 
the different complexes are found to be 
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К ,[5] 
ml L j о 
[LS] = [ L ]
n
 (1 - Δ
τ
) | 3 3 | 
[LS b ] = [ L ]
o
 (1 - Δ
Ιι
) 
o 
"o K b [s] ( 
] 3 4 | 
Q
o 
m2 L -1 o 
[LS 2] = [ L ] o (1 - AL) | 3 5 | 
o 
The equations for the three limiting cases (a) - (c) (see 
theoretical section) were obtained from Eq. ¡29-35|. Limit (a) is 
valid when Eq. I 321 holds and К , << 1 (г.е. К, << К . ) , limit 
^ ' ' mb b ml 
(b) is obtained when Eq. |3l| is valid and limit (c) is obtained 
when Eq. |32| holds in combination with К , >> 1. The final re­
sults Eq. |l2_17| for the three different limits are derived 
along similar lines. For convenience, the derivation of Eq. [l4, 
15| for limit (b) is outlined below. Using Eq. |3l| one can write 
(K . + K, ) [s] + 1 
Q к оИ^ к .[s]2 
о m2 '- J o m2 "- -' о 
S u b s t i t u t i o n of t h i s r e s u l t in Eq. ! 3 3 , 3 5 | and n e g l e c t i n g a l l 
p r o d u c t s of s m a l l q u a n t i t i e s Y i e l d s 
[LS] = [ L ] 0 / K m 2 [ s ] o | 361 
[LS b] = [ L ] 0 K m b / K m 2 [ s ] o | 371 
and 
1 2 K d [ L ] o 
[bS 2 ] = [ L ] o j 1 0-— - | 3 8 | 
^ 2 И о <\2Юо> 
mb 
к - [s] κ τ [s] 
m2 L Δ о m2 L -1 о 
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From Eq. |38| one finds that almost all shift reagent is bound 
in the 1 : 2 complex, i.e. [LS_] = [L] . The correction terms 
arise from the presence of unbound shift reagent L, the dimer 
L?, LS and LS complexes, respectively. Using Eg. |3l| the re-
quirement Eq. | 301 reduces to 
(K .[S]2)2 >> 8K, ¡"Li . I 391 
m 2 L J o d L j o ' ' 
Finally, combination of Eq. |9l and Eq. |36,38| yields 
[LS] 2 [LS9] [LS13] 
δ = 
) + 
which is identical to Eq. |15 
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CHAPTER 4 
SHIFT MECHANISMS 
4.1 Introduction 
Since the discovery of the ability of rare earth complexes 
to act as nuclear magnetic resonance shift reagents (1), numerous 
studies appeared on Lanthanide Shift Reagents (LSR). Recent re­
views (2-5) and the proceedings of the 1973 Conference on NMR 
Shift Reagents (6) give an excellent survey of the field. Shift 
reagents can be applied for two purposes. First of all for the 
simplification of complex spectra. In this regard the main re­
quirements are high affinity of substrates to the LSR and large 
lanthanide induced shifts (LIS) compared to the concomitant line 
broadening. To this end Eu(fod), and Prifod)- (fod = 1,1,1,2,2,-
3,3-heptafluoro-7,7-dimethyl-4,6-octanedion) appear to be the 
most appropriate in H NMR. Tm(fod), has been recommended for С 
NMR (7), although line broadening might become serious here. The 
second most interesting possibility, since it is one of the few 
methods available, is the use of LSR to obtain structural infor­
mation of molecules in solution. In an impressive study the Ox­
ford enzyme group has shown that the method can even be applied 
to systems as large as the protein lysozyme (8). The structural 
information is contained in the dipolar or pseudo contact (PC) 
shift, which directly depends on the geometry of the LSR-sub-
strate complex. Unfortunately the actual LIS is not determined 
by the PC shift alone. Other factors may contribute such as chem­
ical exchange, changes in the diamagnetic environment of the sub­
strate upon complexation to LSR and most important of all Fermi 
contact (FC) interactions. The influence of chemical exchange can 
be eliminated by choosing the right experimental circumstances. 
Diamagnetic shift effects due to complexation can be approximated 
by measuring the NMR spectra of the substrates complexed to the 
diamagnetic lanthanides La or Lu (9,10). However, the Fermi con­
tact contributions are difficult to assess. In many studies the 
FC contributions are just ignored, although there are clear indi-
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cations that they are present, especially in С NMR spectra (6). 
Another problem encountered in papers dealing with shift re­
agents is the symmetry of the susceptibility tensor. If one is 
interested in structural information, it is tempting to assume 
that the LSR-substrate complexes m solution have axial symmetry. 
However, more and more information is appearing that the com­
plexes and thus the susceptibility tensor have no axial symmetry 
(11-16). For instance, it was found that axial models often yield 
unrealistic bond distances between the Ln ion and the binding 
site of the substrate (17). Even a value of 10 A has been report­
ed for a Ln-sulphur bond distance (18). Moreover X-ray and sus­
ceptibility studies of LSR-substrate complexes have revealed that 
axial symmetry does not exist m the solid state (19-26). On the 
other hand often axial symmetry has been observed (27). An expla­
nation for this has been suggested by Briggs er at. (13) and by 
Horrocks (28). They propose that rapid exchange exists betv/een 
rotamers in the LSR-substrate complexes, leading to "effective" 
axial symmetry. 
In this Chapter we will critically investigate the impor­
tance of FC contributions and the question of axial symmetry. For 
this reason we have chosen as shift reagents Ln(fod)- and as sub­
strates (S) 1,2-dimethoxyethane (CH30CH CH OCH , DME), 1-methoxy-
2-n-octyloxyethane (CH OCH CH 0(CH ) CH , MOE) and 1,2-dimethoxy-
4,5-dimethyl-benzene ( (CH,)-С,Н_(OCH-)_, dimethylveratrole = 
DMV), which all contain the binding moiety C-O-C-C-O-C. In Chap­
ter 3 we have shown that the NMR spectra of these bifunctional 
ethers in the presence of LSR are determined by the 1 : 1 com­
plexes in which the substrate is bound bidentally. The presence 
of 1 : 2 complexes can be neglected (see Chapter 3). The sub­
strate DMV has a rigid, known structure, which makes it a suita­
ble compound for testing the objectives of this Chapter. 
It is shown that the methods currently used to separate the 
FC shifts from the PC shifts are not adequate for the systems in­
vestigated by us. Especially the use of the temperature depen­
dence of the shifts leads to erroneous results for the FC contri­
bution to the shift. In the analysis of our results the effects 
of FC contributions and non-axial symmetry are taken into ac­
count. The complete equations describing the total shift are em-
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ployed and the relevant parameters are found via an iterative 
fitting procedure. 
Finally a remark is made on the often observed effective 
axial symmetry of the LSR substrate complexes. A criterion is 
proposed, which can be used to decide beforehand whether or not 
an axial model can be applied, irrespective the actual aniso-
tropy of the magnetic susceptibility tensor. 
4.2 Theoretical considerations 
4.2.1 Introduction 
The NMR shift observed, δ , , for the nuclei of a substrate, 
obs 
S, in the presence of a Lanthanide Shift Reagent, L, will be 
governed by the equilibrium between the free and bound substrate 
molecules. For the bidentate substrates investigated in the pres­
ent paper this equilibrium is given by* 
L + S Î LS . Ill 
In the fast exchange limit, δ , is given by 
o^bs " V s + fLS 5LS 
where 6_ and <5TC are the chemical shifts of the substrate nucleus 
о Lio 
in S and in LS, respectively, and f and f are the fractions of 
these two species. When the shifts are measured relative to the 
resonance positions of the free substrate S, Eq. |2| reduces to 
6
obs = fLS6LS · l3l 
The fraction f is determined by the binding constant К for the 
Lo 
equilibrium [l] and the total concentrations of the shift rea­
gent, [L] , and of the substrate, [s] 
* The superscript b епэіоусі in i'Vipter 3 to distinguish h et ween 
irono- and bidentdt·1 :J iniin g is с,т. i tied throughout this ρ ci per, 
since only hidertatt1 ι. j ι. '• d substratos are coPi-;j°rec!. 
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o
 L J
 o 
+ M l + + ) - 4 \2 \ . 
-
 X
 [s]0 K [ S ] O [s]o f J 
The minus sign holds for [L] < [s] and the plus sign for 
[L] > [s] . Under the circumstances that 
M 0 < Ио
 a n d
 «Ио^
 2 ( 1 +
 М 0 /И 0 ) 
one h a s fT_ = [ L ] / [ S ] and Eq. | 3 | s i m p l i f i e s t o 
И 
— о 
Obs
 [ s ] LS 
Thus & „ can be found from the initial slope of a plot of 6 , 
versus ГіЛ /Г5"! · From Eq. |5l it follows that the restriction l
- •· о
 L J
 о ' ' 
[L] << [sj (30) is not required for Eq. \6\ to be valid pro­
vided that the binding constant is large. For instance, with 
К = 10 M - 1 and ГіЛ = 0.05 M, the deviation from the linear re-
'- -
1
 о 
lation Eq. |б| is less than 1% for [L] /[S] < 0.37. 
Correction of δ for diamagnetic effects (υίάβ -infra) 
yields the lanthanide induced shift, fiTTC:. This LIS is completely 
J_i -LÌD 
determined by the paramagnetic properties of the complex LS. In 
general both Fermi contact (FC) and pseudo contact (PC) interac-
tions contribute to the LIS, i.e. 
SL1S = 6FC + 6PC· I7' 
In terms of the principal values ν (α = χ,у,ζ) of the para-
aa 
magnetic molar susceptibility tensor χ, δ-- has the form (31,32) 
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30 2 
10 J U ( 3cos θ - 1 &
nr = (Χ,, - Χ) <• PC _., VAzz λ' ч 3 2NA f 
2 
sin 0 С052ф 
+ (γ - Y ) ^ ' 
λ
χχ
 х
уу
 Ν
 3 
where 6 _ is expressed in ppm, r in A and χ in cgs units, χ is 
1 = 
the isotropic susceptibility (= rr Tr χ), N is Avogadro's number 
and r, θ, φ are the polar coordinates of the substrate nucleus. 
The coordinate system is centered on the lanthanide ion and its 
axes are the principal axes of χ. The FC shift (in ppm) is given 
by (33) 
AB f-
t-r = — ígT(gT - υ J(J + Dì χ ίο |9| 
F C
 3kTYNh
 J J 
where A is the hyperfine coupling constant in energy units, J is 
the total angular momentum quantum number for the groundstate of 
the complex and g is the Landé-factor associated with that state. 
J 
The other symbols have their usual meaning. 
LSR are used to obtain structural information of substrates 
in solution. This information is only contained in δρ--,· Hence, 
the FC contribution to the total shift is an annoying factor, 
which one likes to eliminate. Several methods have been developed 
to separate PC and FC contributions to the observed shifts. These 
methods are briefly outlined below. 
4.2.2 Separation of Fermi contact and pseudo contact shifts 
Method I: Temperature dependence of 5 LIS 
This method is based on Bleaney's theoretical analysis of 
the temperature dependence of 6 p r (32). Assuming that the ligand 
field splittings in the lanthanide complexes are small compared 
to kT, Bleaney derived that (apart from Eu and Siti) 5p„ predomi-
-2 -1 
nantly has Τ character, with a small Τ contribution and a 
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very small temperature independent term for all lanthanides 
Since &„„ is 
has the form 
proportional to Τ (see Eq. '9') the total LIS 
6LIS = a0 + a l T " 1 + a 2 T ~ 2 I10' 
where a- is much smaller than the other terms. A fit to the ob­
served temperature dependence of δτ--,.- to Eq. |l0¡ yields the con-
tributions of the two mechanisms to the LIS. The utility of this 
procedure will be discussed presently. 
Method II: Calculation of 5 - from susceptibility and structural 
data 
Dhingra et al. (34) have used experimental single crystal 
susceptibility data to calculate the pseudo contact contributions 
in halogen-bis(N,N'-diethyldithiocarbamato)iron(III). The differ-
ence between calculated and observed shift was assigned to the FC 
interaction. This is an elegant way to estimate the magnitude of 
the FC shift, however, it requires data which are usually not a-
vailable for LSR-substrate systems. Although this method is not 
suitable for structure determination in liquids, it may help to 
estimate the relative importance of FC contributions to the total 
shift. 
Method III: Gd induced shifts 
It is known that the shifts induced by Gd complexes are 
caused purely by the Fermi contact interaction. From the Gd shifts 
the FC contributions to the shifts induced by the other lanthanide 
complexes are approximated (7). The difference between calculated 
6__ and the observed δ
ττ(, is the PC shift. The method was applied 
to С LIS. Unfortunately, in many cases it is not possible to 
measure accurate resonance positions for Gd complexes, because 
of severe line broadening. For instance, no Η shift data for such 
complexes have been reported. 
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Method IV: Neglect of proton FC shzft 
This method is based on the bold assumption that for protons 
δ is negligible (35). The geometry, giving the best agreement 
r C
 1 
between calculated PC shifts and experimental Η shifts, is used 
to calculate δ for the С nuclei. The difference between cal-
13 
culated δρ_ and observed С LIS is then taken as the FC contri­
bution. Although axial symmetry was assumed (35) this is not es­
sential for this method if sufficient inequivalent nuclei are 
present. 
Method V ard VI: Laithamde dependence of LIS 
These methods utilize the dependence of the induced shift on 
the lanthanide ion in order to separate the contributions to δ
ΤΤ
ς· 
A set of complexes is studied with the same ligands and substrate, 
but with different lanthanide (Ln) ions. Under the assumptions 
that these complexes have identical structures and hyperfme coup­
ling constants, A , Eq. | 7-91 can be v/ritten as 
'ITS = GLn ^  + G¿n К
 +
 F L n ^  , |ii| 
where С
Ь п
 = Ι Ο
3 0
 χ [ χ ^ - 7 ] / 2 Ν
Α 
GLn = 1 θ 3 0 * [Χχχ - * y y ] / 2 N A 
F Ln = 9 j ( 9 j - 1) J ( J + 1) 
g i = < ( 3 c o s 2 9 i - l ) / r 3 > 
2 3 
g^ = < ( s i n θ с о з 2 ф
і
) / г
і
> 
f = IO 6 χ A β /(ЗкТ у h) 
ι i e Ν 
In this approach the factors GT , G' and FT are the same for ^ Ln' Ln Ln 
all substrate nuclei ι and depend on the Ln only, while the fac­
tors g , g' and f are independent of the lanthanide ion used. 
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Method V: 
For (effective) axial symmetry (G' = 0) and for a nucleus 3 
not subjected to a Fermi contact shift (f = 0 ) , Dobson et at. 
(36) formulated the following equation 
'llS^llS - \ 3
 + fi ^ЪП^І^ I 1 2 I 
with R = g /g . The shifts induced by a series of LSR with dif-
ferent lanthanide ions are measured and a nucleus 3 is chosen, 
which is expected to have vanishing FC interaction. Then, for the 
other nuclei 1, &T _/si:T_ is plotted versus F /6^ra. A straight 
Lilb L i o Ln Lilb 
line is expected with a slope f and an intercept R . Although a 
number of cases have been reported, where the axial model was suc-
cesful (27), there are systems where this model cannot be applied 
(11-16). Furthermore, the а р^гогг neglect of the FC contribution 
for one of the nuclei in the substrate is not always justified. 
Method VI: 
This method avoids the simplifications mentioned above and 
uses the complete Eq. 'll|. It can be applied if sufficient nuclei 
are present in S for which an LIS can be observed. We have applied 
this method with success to our model system and the procedure we 
followed will now be discussed. 
When m different lanthanide ions are used, and the shifts of 
η inequivalent substrate nuclei can be observed there are m χ η 
equations of the type Eq. |ll|. In general the unknown parameters 
are: 
г) GT , G' for each lanthanide; Ln' Ln 
ьг) FT for Eu; theoretically F„ equals zero, however, it is 
Ln 1 Eu ^ 
well known that the magnetic properties of Eu complexes can­
not be described by the groundstate alone. F will have a 
non-vanishing value, which is an extra unknown parameter 
when Eu is amongst the lanthanides employed; 
ггг) for each nucleus the geometrical factors g , g'. If the 
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structure of the substrate is known the geometrical factors 
of the various nuclei are related resulting in a reduction 
of the number of unknown parameters; 
ίυ) the factor f. for each nucleus. 
ι 
Thus the maximum number of parameters is 2m + 3n + 1 and the 
set of equations can be solved if 
m x n > 2 m + 3 n + l . 
Although this criterion was fulfilled in our experiments, obtain­
ing an analytical solution to this set of equations is impractical 
because of the complexity of the equations, which are non-linear 
and because of the experimental inaccuracy of the measured shifts. 
Therefore, the equations have been solved by an iterative proce­
dure. The shifts were calculated for different positions of the 
lanthanide ion till good agreement with the experimental shifts 
was achieved. As a "goodness of fit" criterion, Ω, we used 
Ω
 = 5 I W (6LIS - 6calc ) 2 
ι ,Ln 
in which the weighting factor, w, is the inverse of the squared 
estimated experimental error in 5 T T C and N is the number of ob-
served shift values. The fit is considered to be good, if Ω < 1, 
that is if on the average the difference between observed and 
calculated shifts is within the experimental error. 
4.3 Experimental 
The materials employed have been described in Chapter 3. 
The NMR experiments were performed on a Varian XL100FT spec-
1 19 
trometer, equipped with a Η and a F external lock. The temper­
ature of the samples was controlled by a Varian V4540 variable 
temperature unit and was measured with a thermocouple before and 
after the measurements (accuracy + 0.5 C). The proton shifts were 
Θ1 
|i3| 
measured as a function of the ratio [L] /[s] by adding well-de­
fined amounts of a substrate solution in CCI. to a Ln(fod) solu­
tion in CCI. containing some tetramethylsilane (TMS) as an inter­
nal reference. After each addition the NMR spectrum was recorded. 
In this way for each of the lanthamdes Pr, Nd, Eu, Tb, Dy, Ho, 
Er and Yb 15 to 20 spectra were obtained with гіГ /rSl between 
^ -
 j
 о
 L J
 о 
2.0 and 0.007 for the substrates DMV, МОЕ and DME. 
The С spectra were accumulated using the FT mode and pro­
ton noise decoupling. As for the С spectra, the ratio of 
Lnffod).. to substrate was varied, by addition of well-defined 
amounts of the shift reagent to a solution of the substrate in 
CCI.. TMS and CCI. were used as internal standards. For each lan-
13 thanide four С spectra were recorded with [L] /[s] ranging 
from 0.2 to 0.5. 
The temperature dependence of the induced shifts was studied 
utilizing sealed samples with a [L] /[S] ratio just above unity, 
m order to avoid exchange broadening at lower temperatures. Ex­
periments between +80 С and -95 С were carried out on toluene-d8 
solutions. 
The minimization of Ί. was done on an IBM 370/158 computer 
with the non-linear minimization program MINUIT (from CERN, 
Genève), supplemented with a subroutine for the calculation of 
ΐι for a given set of parameters. 
4 4 Results and discussion 
In this section the experimental results are presented to­
gether with a discussion of the applicability of the preceding 
methods to separate the FC and PC contributions to lanthanide in­
duced shifts. From the start Methods II and III can be disregard­
ed, because the structure and the anisotropy in χ of the LS com­
plexes are unknown and because neither Η nor С shifts could be 
detected with Gd(fod)-. as a result of severe line broadening. 
First we will discuss the temperature dependence of the LIS 
(Method I) using Pr(fod) -DME, PrtfodK-MOE and Pr(fod)3-DMV as 
examples. After that the dependence of LIS on the lanthamdes in 
connection with the Methods IV-VI will be considered using 
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L n ( f o d ) -DMV c o m p l e x e s . 
4 4 1 Temperature dependence 
The temperature dependence of the induced shifts was meas­
ured for the systems Pr (fod) .,-DME (1H), Pr (fod) ..-MOE (1H and 1 3C) 
1 
and Pr (fod) ..-DMV ( H). The Pr complexes were expected to obey 
Bleaney's theory, because of the large spin orbit coupling (37). 
The molecular structures of the substrates are given in Fig. 4.1 
together with their numbering. Examples of the experimental tem­
perature dependence are shown in Fig. 4.2 for the protons of DME 
and m Fig. 4.3 for 7-H in МОЕ. Note that even for this МОЕ pro­
ton, which is not expected to exhibit a large FC shift, the ob­
served shift is almost linear in Τ . This behaviour was found 
for all nuclei in the systems studied. Upon lowering the temper­
ature from +80 С to -75 С the shift increases a factor of 2 to 3 
(see Fig. 4.2 and 4.3). Temperature dependent shifting of the 
equilibrium Eq. |l| can only account for a variation of about 
10%, because of the high binding constants (see Chapter 3). The 
results of a least squares analysis in terms of Eq. |l0| are 
given in Table 4.1. The standard deviations σ between observed 
and calculated shifts are between 0.2 and 0.6%. These results 
-2 
are completely in disagreement with the predicted Τ dependence; 
-2 the contribution of a
n
 is considerable, whereas a_T gives only 
a minor contribution. In earlier experiments (39-42) the ob­
served temperature dependence was interpreted as to obey 
Bleaney's theory. However, in these experiments the temperature 
range was too small (39-41) or the experimental accuracy too low 
(42) to provide an unambiguous test for the applicability of the 
theory. This is clearly illustrated for the system Pr(fod),-DME, 
for which the measurements have been extended down to -75 С (com­
pare Fig. 4.2 with Fig. 1 ref. 39). Objections against Bleaney's 
results were raised by Horrocks et al. (38), who pointed out that 
Bleaney's assumption that the ligand field splittings in rare 
earth complexes are small compared to kT is not always valid. The 
calculations of Horrocks et al. predict a complicated temperature 
dependence of PC shift. However, in the temperature range studied 
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Fig. 4.1: Structural formulas of DMV, MOE and ППЕ. Thn numborirg 
system for DMV and ΓΟΕ aro shown. Ι Ί DMV also hond dis­
tances (A), tend angles and the coordinate system are 
indicated. Tne y-axis is perpendicular to the plane of 
the paper. 
by us, a nearly linear Τ dependence not passing through the 
origin is expected (38), which is in agreement with our experi­
mental results. 
An additional complication in the application of Method I is 
the possibility of temperature dependent changes in the geometry 
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Fig. 4.2: Temperature dependence of Pr(fod) induced Η shifts 
in СИЕ. 
of the LSR substrate complex. This may obscure the temperature 
dependence of the lanthanide induced shifts. In conclusion, our 
present experiments demonstrate clearly, that the temperature 
dependence cannot be used to separate the FC and PC contribu­
tions to the total shift. 
4.4.2 Lanthanide dependence; Ln (fod)., /DMV 
For the DMV protons in the Ln (fod) ..-DMV solutions Lorentzian 
NMR signals are observed at average positions between bound and 
free DMV. This confirms the occurrence of fast chemical exchange 
of the DMV molecules. A detailed analysis of the exchange pro-
Θ5 
-6|ppm| 
F l ! 4 . 3 : T e n c e r a t u ^ p d p i i r n r i p ^ c g o f P r [ r o d ] .η cl uceo з h i f t foi 
the 7-protar. s of f CL· . The ρ j ι η t s i^present experinpntdl 
T-1 shi'ts, the ьo 11 d li- 13 1 тег 
cesses in LnffodJ^-S systems will be published separately (43). 
The shifts δ of the DMV nuclei in the Ln(fod) -DMV 1 : 1 
complexes were obtained from the initial slope of the plot of the 
observed shifts versus the ratio [L] /[s] (see Eq. |6|). An ex­
ample of such a plot is shown in Fig. 4.4 for the DMV protons in 
the system Nd(fod)--DMV. One observes that the linear relation­
ship Eq. |6l is conserved for [L] /[з] ratios up to about 0.5, 
corresponding to a binding constant К m the order of 5 χ 10 M 
All LnCfod)., show such high binding constants to DMV, except 
J
 -1 
500 M ). The 6T c values obtained from the plots 
Li О 
Yb(fod) 3 (K 
were corrected for the shifts induced by La(fod).-, in order to 
account for diamagnetic effects. The resulting 6T_„ values are 
tabulated in Table 4.2. The lanthanide dependence for the 9,10-
protons (CHO of DMV is illustrated m Fig. 4.5. In the same 
figure the line broadening resulting from addition of Ln(fod)-, 
86 
Substrate nucleus 
DME CH-
^Н) сн3 
МОЕ 1-Н 
(1Н) 2-Н 
3-Н 
4-Н 
5-Н 
б-Н 
7-Н 
МОЕ 
(13С) 2-С 
3-С 
4-С 
DMV 3,6-H 
(1Н) Τ,θ-Η 
9,10-Н 
aj^  х 10 
ppm ppm К 
12.9 -10.6 
26.2 -16.6 
22.9 -13.7 
14.6 -11.1 
18.9 -13.7 
20.2 -12.4 
9.1 - 6.6 
-3.7 1.3 
1.7 - 1.5 
38 -27 
28 -25 
37 -22 
28.7 -13.9 
46.6 -22.0 
9.1 - 4.5 
a_ χ 10 contribution to temperature 
shift at 310C range 
ppm 0 K 2 
-0.8 
0.2 
-0.3 
0.8 
0.5 
-0.8 
-0.2 
-0.7 
-0.03 
-1.7 
-2.1 
-1.4 
0.2 
-0.1 
0. 1 
. , . - ' 
ppm 
-34.8 
-54.6 
-45.0 
-56.5 
-45.0 
-40.8 
-21.7 
4.3 
- 4.9 
-90 
-83 
-71 
-45.6 
-72.3 
-14.8 
'S2 
ppm 
-8.7 
2.2 
-3.2 
8.6 
5.4 
-8.6 
-2.2 
-7.6 
-0.3 
-18 
-23 
-15 
2.1 
-0.9 
1.3 
0
c 
+90 to 
+75 to 
+53 to 
+ 30 to 
-73 
-95 
-74 
-40 
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Fig. 4.4: Shifts induced by Nd[fod)„ for tΊe protons of D^V as a 
function of Γ|_1 / Γ S] . The experimental points (·] anc 
о о 
the extrapolation of the initial slope (solid line) 
are shown. 
to DMV is shown for [if /[s] equal to 1.0 and 0.5. The differ­
ence in the line widths in these two situations indicates the ef­
fect of exchange between complexed and free substrate. This ef­
fect is most pronounced for Dy(fod),, resulting in severe over­
lap between the DMV proton signals. Therefore, no accurate pro­
ton shift data could be obtained with Dy. 
Θ8 
TABLE 4.2: 1H AND 1 3 C LIS IN Ln(fod) -DMV 
«LIS ( p p m ) a 
nucleus 
Pr Nd Eu Tb Dy Ho Er Yb 
13 1,2-C - -34.8 
3,6-C -20.3 - 7.9 
4,5-C - 9.5 - 2.9 
7,8-C -47 -24.2 
9,10-C - 5.6 - 2.0 
1 H 3,6-H -13.9 - 7.2 
7,8-H -24.5 -10.5 
9,10-H - 4.1 - 2.02 
3 8 . 9 
5 .6 
8 . 7 
2 5 . 4 
3 .4 
9 . 5 
3 .14 
7 . 6 
- 2 8 0 
- 1 0 9 
- 53 
- 2 7 2 
- 27 
- 7 4 . 
- 1 6 2 
- 2 0 . 
0 
5 
-
-
- 1 4 2 
-
- 68 
-
-
-
-
- 1 1 0 
- 55 
-
- 26 
- 6 3 . 
- 8 3 . 
- 2 0 . 
.4 
.5 
.5 
-
50 
3 3 . 3 
75 
1 5 . 0 
3 4 . 7 
3 5 . 7 
1 1 . 5 
-
50 
3 2 . 1 
46 
1 4 . 6 
2 8 . 0 
1 2 . 9 
1 0 . 6 
see Table 4.1 
Analysis 
Plots of о^-ц /δ„
ττ
 versus FT /<5„TT for the protons and for 
, ^  ULriT CH3 .Ln Lno 
C, Fig. 4.6a and Fig. 4.6b, respectively, do not yield a 
straight line (see Eq. | 121) . Hence, Method V is not suited to 
interpret our data. There may be two reasons for this: all nu­
clei have a considerable FC contribution to their LIS, even the 
9,10-CH.. nuclei, or axial symmetry assumed in this method is not 
fulfilled for our systems. Finally the data were handled accord­
ing to Method VI. In order to evaluate the importance of FC con­
tributions and non-axial symmetry we have analyzed our data ac­
cording to four models: 
Model (a): axial symmetry and neglect of FC shifts (G1 = f. = 0); 
Model (b): axial symmetry but including FC shifts (G' Ξ 0, 
Ln 
f i Φ 0); 
Model (c): non-axial symmetry but excluding FC contributions 
<G¿n * 0' fi -= 0)<· 
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Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Vb Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Vb 
Fig. 4.Ь: Influsnce of cifforsnt LanthanidGS on the NMR paraneters 
of the 9,10-protons ο* DIV in the Ln(fcd)^-DMV comolexes. 
(e) lanthanide induced s^ift (δ, 
(b) line broadening. 
1 
LIS' 
Model (d) : a fit with the complete Eq. | 11 | (G' jí 0, f. ? 0). 
Before proceeding we have to define the principal axes of the 
susceptibility tensor with respect to DMV. The structure of DMV is 
shown in Fig. 4.1, the bond distances (in A) and angles are indi-
cated. It turned out that nuclei, which are situated symmetrical-
ly with respect to the yz plane (see Fig. 4.1), give rise to only 
one resonance signal, even at low temperature. Therefore, the po-
sition of the lanthanide ion (Ln) must be such, that also the cal-
culated shifts are equal for those nuclei. This means that the Ln 
is situated symmetrically between the two oxygens. 
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the Lntfod] -DMV сотірі хез. 
Another important observation is that the t-butyl and CH pro­
tons of the three fod ligands each show only one NMR signal even 
at -85 C. In a following paper (43) we will show that for the sys­
tems studied by us intermolecular exchange occurs of fod ligands 
and substrate molecules. The thermodynamic parameters governing 
these processes have been determined. Using these values one cal­
culates that at -50 С the intermolecular exchange reactions can 
only average out shift differences less than 0.0005 χ & which 
is a factor of ten within the observed line widths at this tem­
perature. Hence, intermolecular reactions cannot account for the 
observed averaging of the NMR signals of corresponding nuclei in 
the fod ligands. On the other hand, a rigid Ln (fod)-.-DMV complex 
also cannot account for these effects. The highest symmetry pos­
sible for the Lntfod), part of the complex is C.,. However, bind­
ing of DMV, having €„ symmetry, reduces the total symmetry to 
С . Thus the susceptibility tensor of the rigid complex Ln(fod).,-
DMV will have neither twofold nor threefold symmetry. 
The observed magnetic equivalence of the corresponding fod 
nuclei may be explained by internal movements within the lantha-
nide complex. The stereochemical lability of eight coordinate 
complexes is well known (44), fast intramolecular rearrangements 
of the fod ligands with respect to each other and to the sub­
strate may occur, leading to the observed equivalence. If the fod 
ligands reorient sufficiently fast during the time that the sub­
strate is bound to the LSR, the substrate nuclei experience an 
effective susceptibility < χ >_, which is an average over all 
orientations of the fod ligands with respect to the substrate. 
From our kinetic work on the substrate exchange (43) it follows 
that the residence time of the substrate at -80 С is 1 s. Even at 
this low temperature the corresponding nuclei in the fod ligands 
exhibit one resonance signal. This means that the internal mo­
tions are rapid enough to average out magnetic inequivalence of 
these protons. These data taken together we consider as substan­
tial evidence that one of the principal axes is colinear with the 
z-axis of the DMV molecule. Because of the planarity of the DMV 
molecule the form of Eq. |ll| is invariant under rotations around 
the z-axis. For the analysis of our data we may now take the oth­
er principal axes along the molecular x- and y-axes, without loss 
92 
of generality. If the magnetic x-axis makes an angle a with the 
molecular x-axis, it can be shown easily that the geometrical 
factors g' of all nuclei in DMV are multiplied by cos2a which can 
be absorbed in the parameter G' . The result is an equation for 
the shift identical to Eq. |ll[/ the only difference being that 
G' represents cos2a (χ - χ ) rather than χ - χ 
Ln r лхх yy xx yy 
It should be realized that the methyl groups are rapidly ro­
tating with respect to this frame of reference. Therefore, their 
geometrical factors g and g' were obtained by taking the average 
of the geometrical factors calculated for all methyl group orien­
tations varying by two degrees. It turned out, that it is in gen­
eral not allowed to replace g and g' by values calculated for an 
average position of such a proton, particularly for CH^ groups 
close to the Ln ion (г.е. OCH, in DMV). 
The goodness of fit criterion p (see Eq. |l3|) for models 
(a)-(d) was minimized for various values of the lanthanide oxygen 
distance, r ., between 1.4 and 5 A. In models (a) and (b), in 
Ln U 
which axial symmetry is assumed, the fits were performed for three 
choices of the unique magnetic axis. Fig. 4.7 shows the behaviour 
of the minimized Ρ as a function of the Ln-0 distance. Table 4.3 
summarizes the characteristics of the best fit corresponding to 
the minimum value of a for each model. In this table, Δ denotes 
the relative difference between observed and calculated shifts 
100 χ (6 , - δ , )/S , I 1
 cale obs obs' 
< Δ >T is the average of Δ over all shifts for each Ln (fod) ..-DMV 
Ln j 
complex and < Δ > is the average of all Δ values. From Table 4.3 
and Fig. 4.7 one sees, that the axial models (a) and (b) give on­
ly poor fits (f > 40) and the minima of Τ are found at unreason­
able lanthanide oxygen distances. Both models (c) and (d) give a 
much better agreement with the experimental data. However, the 
result of model (d) (£2 = 0.86) is significantly better than that 
of model (c) (Ω = 2.8). Comparison of the < Δ >' values obtained 
Ln 
for these models shows that the effect of including FC contribu­
tions in model (d) is most pronounced for Eu, followed by Nd. For 
instance, < Δ > drops from 29.5 to 3.4% upon inclusion of FC 
shifts. 
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In conclusion, we have found that the observed LIS can only 
be described with the full Eq. |ll|, that is with model (d), 
which does not assume axial symmetry and does take FC contribu­
tions into account. Finally, refinements of model (d) that may 
be physically realistic (such as different r __ for different 
Ln ions) are not considered to be meaningful, in view of the min­
imum value of о which is already less than one. Such refinements 
would not result in any reliable extra information. Therefore, we 
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TABLE 4.3: RESULTS OF THE ANALYSIS OF THE SHIFT DATA ACCORDING TO MODELS (a), (b), (c) and (d) 
(see text) 
unique number minimum r T < Δ > < Δ >T for each lanthanide (%) 
~-P Ln-0 Ln 
, , . a of „ 
model axis Ω 
para-
meters value 8 % Pr Nd Eu Tb Ho Er Yb 
χ 
a y 8 
ζ 
χ 
b y 17 
с - 15 2.75 2.2 11.7 5.9 21.6 29.5 4.3 3.5 4.5 8.3 
d - 24 0.86 2.1 6.3 6.0 16.4 3.4 4.6 1.3 3.1 8.1 
Direction of the unique magnetic axis along x, y and z, respectively (see Fig. 4.1) 
Number of unknown parameters in the different models 
460 
51 
49 
127 
39 
44 
> 5 
1.5 
4.1 
> 5 
1.5 
4.1 
81 
30 
30 
60 
40 
27 
74 
14 
28 
62 
26 
28 
71 
31 
42 
31 
62 
42 
95 
42 
32 
24 
51 
16 
61 
29 
31 
80 
50 
33 
78 
13 
19 
97 
18 
20 
87 
19 
14 
47 
18 
11 
100 
54 
37 
89 
49 
35 
Ю 
αϊ 
proceed with a more detailed presentation and discussion of the 
results obtained with model (d). 
Pesults of Method VI (d) 
Taking into consideration the experimental accuracy of the 
LIS (about 3% for H and 10% for C), the agreement between the 
shifts calculated with model (d) and those observed is good for 
all lanthanides, except Nd. It should be emphasized, however, 
that Nd complexes yield only small induced shifts. The parame­
ters, determined with model (d) are the lanthamde oxygen bond 
distance, the hyperfine coupling constants and the anisotropy of 
the paramagnetic susceptibility. The best fit was found for 
rT . = 2 . 1 + 0 . З А . The error limits are taken as the points Ln-0 — r 
where Ω has twice its minimum value. Fig. 4.7 shows that Ρ is 
much more sensitive to r _
n
 than reported by Cramer et al. (45). 
ііП и 
The hyperfine coupling constants a (= A /g В ) of the DMV 
nuclei in the Ln(fod),-DMV complexes are represented m Fig. 4.8. 
Hi • 0 7 
С + 0 2 
Н3-О.ОЗ 
Ln 
F ] g . 4 . : H y o c r f i n e c o u p l i n g c o r v t a n t s ( m C a u s s ) i n L n ( f o d ) - П Ч У , 
o b t a i n b d b i t h r r o c h l ( d ) . 
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TABLE 4.4: RATIO OF FC AND PC SHIFTS (%) IN MODEL (d) 
Eu Nd Er Tb Ho Pr Yb 
| S F C / 6 p C l 3 ,6-C 59 18 10 11 8 6 2 
7 , 8 - H 38 8 8 4 5 3 4 
| 5 F C / S p c l С 20 6 4 3 3 2 1 
H 16 4 3 2 2 1 1 
<|6FC/6pc|> a С 80 70 25 21 19 15 5 
<
|6FC/«pC|> b С 77 47 21 20 20 24 4 
average С shift ratio's for the carbon atoms in the nitrogen 
containing ring for the systems Ln(dpm) -isoquinoline (35); 
С shift ratio for the a-carbon atom of n-octylamine for the 
systems Ln(fod),-n-octylamine (7). 
The values a. appear to be so small that a discussion of the mech­
anisms by which spin density is transferred to the substrate is 
not meaningful (41). However, the FC shift is not small compared 
to the PC shift in many cases. Table 4.4 shows the relative im­
portance of the Fermi contact contribution for each lanthanide 
complex. Maximum values of |6 /δ | are observed for 3,6- С and 
7,8-protons and are listed in the first two rows of Table 4.4. In 
13 1 
addition the average values of this ratio for all С and Η nu­
clei are given in rows three and four, respectively. For compar­
ison, also the average values for the carbons of the nitrogen con­
taining ring of isoquinoline are given, obtained with Method IV 
by Gansov et al. (35), as well as |δ /δ__| for the α-carbon atom 
г L ir С 
in the Ln (fod) -.-n-octylamine complex, obtained with Method III 
by Ajisaka and Kainosho (7). 
The trend observed for |δ„
Γ
/δ
ρ
_[ is the same. However, our 
data indicate, that the FC contributions to proton LIS are com­
parable to those for С This is in contradiction with the as­
sumptions made by Gansov et al. (35). 
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TABLE 4.5: ANISOTROPY TERMS OF THE PARAMAGNETIC SUSCEPTIBILITY 
TENSOR3 
Pr Nd Eu Tb Ho Er Yb 
(χ - χ) χ ΙΟ 3 -0.90 -0.45 0.67 - 4.5 -4.8 2.6 2.5 
(χ - χ ) χ ΙΟ 3 -2.5 -1.2 1.4 -14.9 -8.7 4.7 2.7 
χχ
 vyy 
All values in cgs. units 
The susceptibility data obtained from our NMR experiments in 
solution are presented in Table 4.5. The error limits for the ab­
solute values were estimated to be +25% and -15%. The calculated 
anisotropies are of the same order of magnitude and have the same 
signs as the values given by Horrocks and Sipe (23), obtained by 
single crystal critical torque measurements on Ln(dpm) - (4-pico-
line)-. Although quantitative comparison between the data is not 
allowed, the qualitative agreement is satisfying. The values for 
χ - χ si л
хх
 Ayy 
ceptibility. 
show clearly the non-axiallity of the paramagnetic sus-
4.4.3 Remark on axial symmetry 
The fact that calculations with axial models very often give 
good results, has been made plausible by the hypothesis that the 
substrate binded to the LSR can rapidly exchange between a num­
ber of rotamers or configurations (13,28), leading to "effective" 
axial symmetry for the complex. A different explanation can be 
given in certain cases. "Apparent" axial symmetry occurs, when 
g. >> g! for all substrate nuclei for which the LIS is observed. 
Then the second term in the equation for the PC shift, Eq. |ll|, 
is small compared to the first one, even if χ is not at all ax-
ially symmetric (v - χ = χ - χ ). For instance all nuclei in J
 ' zz
 A л
хх УУ 
DMV, except the OCH,-group and the 3,6-protons, have g!/g. < 0.07 
for r _
n
 = 2.1 A. This apparent axial symmetry can be recognized 
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beforehand. It can be shown that for g!/g. < 0.07, the following 
relation must hold for the coordinates of all nuclei in a partic­
ular substrate 
|z| > 2.8 (x2 + y 2)* 5 14 
This condition is fulfilled when the substrate molecules are in a 
cone with an opening angle of 4 0 centered at the Ln ion. Fig. 
4.9 illustrates that the H and С nuclei in 2,6-difluoropyri-
dine with a Ln-N bond distance of 2.6 A are lying within this 
cone. We have calculated the PC shifts for these nuclei for non-
axial and axial symmetry. The results are shown in Table 4.6. 
5 7 10 15 V. 
Fig. 4.9: Diagrarr of thn rsldtive magnitude of the geometrical 
factors g' anri g in the xz plane. The lines drawn are 
-рог constd-iL valups of g'/g, in % as indicated by the 
numbers. As an ехатіріе, 2 , 6- di - 1 uo r ooy ri di ne is plot­
ted to demanstrate the apparent axial symmetry (ьен 
text) . 
99 
TABLE 4.6: CALCULATED PC SHIFTS (ppm) FOR 2,6-DIFLUOROPYRIDINE 
nucleus 
2,6-C 
3,5-H 
3,5-C 
4-H 
4-C 
5PC (non-axia 
81.1 
18.9 
32.8 
14.7 
25.4 
.l) a 6PC (axia 
79.8 
18.0 
33.2 
15.3 
26.6 
1) b dl fference 
2% 
5% 
1% 
4% 
4% 
Calculated with χ, 
Calculated with χ, 
X y y = 2.4 χ I O "
3
, г ^ = 2.6 g 
2.4 χ 10 
' Χ, 
У У 
0, г Ln-N 
2.53 g 
One notices that the PC shifts in the axial model hardly differ 
from those in the non-axial model owing to the fulfilment of con­
dition Eq. |l4|. In Fig. 4.9 lines are shown for different val­
ues of the ratio g'/g· This diagram can be used to estimate the 
importance of the non-axial susceptibility term. The influence of 
the residual non-axial anisotropy term may influence in an unpre­
dictable way the calculated Ln-0 distance. For instance, when on­
ly the nuclei of DMV fulfilling condition |l4| are considered 
the minimum value of Ω obtained with model (b) is very close to 
that obtained with model (d), however, the Ln-0 distance found 
with model (b) is 2.7 A, while model (d) gave 2.1 8. On the other 
hand, if the same procedure is applied to 2,6-dif l u o r o p y n d m e a 
Ln-N bond distance is found of 2.53 A as compared to 2.60 A men­
tioned above. 
After finishing our manuscript a paper by M a n n e t t i et al. 
(46) came to our attention. They also have calculated the geome­
trical factors and arrived at similar conclusions. 
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4.5 Conclusions 
The main conclusions following from the present investiga­
tions will now be summarized. 
1) The temperature dependence of lanthanide induced shifts is in­
adequate for the separation of the FC and PC contributions to 
the total shift, even if large temperature ranges can be stud­
ied and exchange effects can be eliminated. The PC shifts are 
critically dependent on the ligand field, since the ligand 
field splittings in LSR-substrate complexes are not small com­
pared to kT. A theoretical approach to calculate χ as a func­
tion of temperature is still too inaccurate to perform relia­
bly a separation of FC and PC contributions in the limited 
temperature range available to NMR on liquid solutions. 
2) The FC contributions to the induced shifts in the Ln(fod).-
DMV complexes are non-negligible, except for the Yb complex. 
It is shown that Eu gives rise to large FC contributions. The 
FC shifts of the H and С nuclei in DMV appear to be compar­
able in magnitude. Surprisingly, if FC contributions are ne­
glected, but the effects of non-axiallity are taken into ac­
count, the Ln-0 distance obtained for our system is close to 
the value obtained in the complete calculation. If this turns 
out to be a general feature, neglect of FC contributions may 
be less serious in structure determination. 
3) Application of Gd to obtain FC contributions to the shift is 
hampered in most instances by severe line broadening of the 
substrate resonances. 
4) The shifts observed for the Ln (fod) ..-DMV complexes are defi­
nitely incompatible with susceptibility tensors having axial 
symmetry around the z-axis and it is anticipated, that this 
will be a general phenomenon for bidentate substrates with 
symmetries lower than C,. It is interesting to note that the 
susceptibility tensors of the complexes containing Pr, Nd and 
Tb approach axial symmetry around the y-axis, i.e. the axis 
perpendicular to the DMV molecular plane (3(χ - χ) = χ 
χ ). The other complexes do not show axial symmetry around 
any principal axis. The failure of Dobson's method (Method V) 
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to determine the FC contributions is due to this non-axiallity 
in our systems. 
5) Apparent axial symmetry, arising from the relation g' << g , 
may result in erroneous Ln-binding site distances. This was 
shown for those nuclei in the Ln(fod),-DMV complexes to which 
Eq. |14| applies. 
6) Within the experimental accuracy, the present results are in 
agreement with the assumption of isomorphous substitution of 
the lanthanide ions in the Ln(fod) -DMV complexes. 
7) A similar remark applies to the hyperfine coupling constants. 
Within the experimental accuracy the A values in the different 
lanthanide complexes are found to be equal. 
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CHAPTER S 
CHEMICAL EXCHANGE OF SUBSTRATES AND FOD LÍGANOS 
5.1 Introduction 
In the preceeding chapters the investigations are reported 
on the binding modes of the bifunctional ethers DME, MOE and DMV 
to the NMR shift reagents Ln(fod).. (Chapter 3) and on the inter-
pretation of the shifts induced in these substrates by the 
Ln(fod)-. complexes (Chapter 4). In Chapter 3 the binding of these 
substrates, S, to the shift reagents, L, was analyzed in terms of 
the reactions 
к 
L + S • » LS ; К . = к ./к 
т-1 
ml ml т-1 
к 
LS + S , m¿ > LS- ; К . = к _/k _ |2[ 
•*-. 2 т2 т2 т-2 ' ' 
к τ 
т-2 
LS .-Д£» LSb ; К . = к
 К
/к
К
 |3| 
—г— mb mb Ьт ' ' 
Ьт 
where the superscript b denotes bidentate binding of the sub­
strate. It was found, that the bifunctional ethers, having the 
moiety C-0-C-C-O-C, bind predominantly bidentally in 1:1 com­
plexes to the shift reagents, i.e. the equilibrium Eq. |3| is 
shifted completely to the right. Thus as far as the chemical 
shift is concerned, the species LS and LS„ play a negligible 
role. However, in exchange processes they may act as important 
intermediates. 
In this chapter we consider the chemical exchange processes 
in solutions containing a shift reagent and the bifunctional 
ether DME. Evidence that, besides substrate exchange, also fod 
ligand exchange can occur from one complex to another was ob­
tained by Dyer et al. (1) for a mixture of Eu(fod), and Pr(fod)., 
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in CCI.. We have studied both DME and fod exchange as a function 
of temperature in a mixture of La(fod)-., Pr(fod)-. and DME in mo­
lar ratios 1:1:2. Possible reaction mechanisms are proposed for 
both exchange processes. These mechanisms were tested by study­
ing the substrate concentration dependence of the exchange rates. 
Combination of the equilibrium constants К ,, К _ and К , re­
mi m2 mb 
ported in Chapter 3 for the binding of DME to Pr(fod)- with the 
DME exchange rates yielded all rate constants occurring in Eq. 
|i-3|. 
5.2 Theoretical aspects 
The exchange of substrate molecules between free and bound 
situations can be characterized by the reaction 
LS b + S* « , LS* b + S . |4| 
The lifetime τ of a substrate molecule in a complex LS depends 
on the mechanism by which the reaction Eq. |4| proceeds. Two mech­
anisms are possible for this process. First, dissociation of the 
complex LS to L + S with a rate constant к followed by recombi­
nation of L with another substrate molecule (the dissociative 
mechanism). Secondly, via formation of a 1:2 complex LS- with an 
association rate constant k_ and subsequent dissociation of this 
complex (the LS. mechanism). Thus, the substrate molecules can 
exchange between the four occurring species S, LS, LS_ and LS . 
Assuming that the intermediate species LS and LS_ are present in 
low steady state concentrations, the modified Bloch equations (2) 
for this four site exchange problem reduce to tv/o equations de­
scribing the exchange between the two sites S and LS as was 
shown in Section 2.5.3. Under the assumption that the transition 
from mono- to bidentate binding is fast (see Chapter 3) one ob­
tains 
τ«,"
1
 = lc_1 + h k2[3] |5| 
where 
106 
k
-l " km-l / Kmb ' k2 ~ km2 / Kmb 
As is well known, the lifetime τ can be derived from the 
' с 
lineshape of the substrate resonances. In the fast and in the 
slow exchange limits τ can be inferred directly from the line 
c
 -1 
widths of these resonances. In the limit of fast exchange T ? 
is given by 
Τ / 1 = fcT^c-1 + f ь т h'1 + Δ " 2 τ fc2f к l7l 
2 S 2 S
 LSb 2LSb c S LS b 
where f_ and f , are the fractions of free (S) and bound (LS ) 
s
 LS b 
substrate molecules, respectively and T__ and Τ , are- the 2 S
 2LSb 
transverse relaxation times in these two environments. Δω/2π is 
the difference in resonance frequency between S and LS . If the 
relaxation times T__ and Τ , are known, τ can be calculated 
2 S
 2LSb -i c -i 
from the observed line width (πΤ_) and a plot of τ versus 
λ с 
the free substrate concentration [s] yields the rate constants 
к , and k_ (cf. Eq. |5|). Often the relaxation time Τ , is not 
-
1 2
 ,
2 L S
, 
known. In that case it is convenient to combine Eq. ¡5,7| to 
Τ ~
1
- T " 1 AM 2f 2 
T2 T2S -1 -1 Δ ω fS 
= ( T _ T 2 s i, + 
f . 2LSIJ z a к ^k^rs] 
LSb - 1 2 L J 
If only the dissociative mechanism contributes to the exchange 
1 — Ί 0 
rate (k >> [s]k ) a plot of (Ύ~ - T 2 S )/f b versus fs 
yields a straight line with positive slope Δω /к,. On the other 
hand, if the LS_ mechanism governs the exchange of substrate mol-
— 1 — 1 
ecules ( [s] k_ >> к . ) one finds that (T- - T__, )/f .is lin-
o ^
 —
-^  ^ ^^ LS 
ear in f /[s] = f-/[s] , where [s] is the total substrate con­
centration. In this situation the proportionality constant is 
2 
Δω /к.. In general, both mechanisms may influence the substrate 
exchange and the relative importance of their contributions to 
the exchange rate depends on the free substrate concentration. 
One can show, that at constant [L] the dissociative mechanism 
gives rise to a positive contribution to the slope of a plot of 
-1 -1 2 
(T_ - T__ )/f , versus f
c
 , whereas the LS- mechanism yields 
ГЧ —ι —ι 
a negative contribution to that slope. Thus, (T_ - T
o c
 )f . 
2 ¿. ¿ъ
 L S D 
is an increasing function of f
c
 at low substrate concentrations 
2 
(г.е. low f ), where the dissociative mechanism predominates 107 
([s] << к_ 1/к_), and a decreasing function of f at high sub­
strate concentrations (г.е. high f ), where the LS- mechanism 
governs the exchange ( [s] > к /к ). In the intermediate range 
-1 -1 the curve has a maximum. Thus, plots of (Τ- - Τ_„ )/f , ver-
2 r τ L S 
sus f„ or versus f_/lS yield information on the mechanism(s) S S ^ J о 
involved in the exchange of DME molecules between free and bound 
situations. 
The most likely mechanism for the exchange of fod ligands 
between the La and the Pr complexes is the formation and subse­
quent dissociation of mixed dimers La (fod) .. .Pr (fod) _ (1) in which 
some fod ligands have bridging positions between the two metal 
ions (3). The reactions involved in such a mechanism are shown 
m Fig. 5.1. For ease of survey, the monomer dimer equilibria of 
the complexes La(fod)^ and Pr(fod) are not shown in the figure. 
The overall effect of the exchange process can be written as 
к 
La(fod) S + PrffodM S , Ι ο α» Т.я ( fnd If od*.q + Pr(fod*)2fod S |9| 
with the rate constant k. ,. This overall rate constant k- , can 
fod fod 
be related to the rate constants defined in Fig. 5.1 by using the 
fact that in an equilibrium system all intermediate species (г.е. 
the free shift reagents and the different dimers) are present in 
low steady state concentration. The experiments were carried out 
on mixtures containing equal total concentrations of La(fod)., and 
Pr(fod)_. In cases where an excess of substrate is present essen­
tially all shift reagent is bound (see Chapter 3) and one obtains 
-ΊΓ—= ¿ И 2 - ^ + *Mo (ir- + ir-) ' I 1 0 ' 
^fod p 3 0 -ι -ι 
where [L] IS the total shift reagent concentration, the equili­
brium constants are given by К = к /к and К' = к'/к' and ρ is 
the probability that the dissociation of the mixed dimer results 
in an exchange of fod ligands. The first term in Eq. |l0| is in­
versely proportional to the probability of mixed dimer formation. 
This probability is proportional to [La (fod),] [Prifod)-.] leading 
to the [s] dependence of the first term. The second term arises 
from the dissociation of the LS complexes, which is necessary 
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La(fod)3S 
S 
Pr(fod*)3S 
S 
La(fod)3 + Pr(fod*)3 
1<з k-j 
La(fod)3'Pr(fod*)3 
La(fod)2fod*+Pr(fod*)2 fod 
k^k, 
La (fod)2 fod*S 
S 
Pr(fod*)2fod S 
Fig. 5.1: Sche"na"ic reprpsentatior cf the Tiodel propose J fer zbe 
exchange of fod ligands between La and Pr complexes in 
mixtures of La(fod) , Pr(fod) and DHE. 
for the formation of the dimers (see Fig. 5.1). 
5.3 Results and discussion 
In this section the results of the experiments on the ex­
change of the substrate DME and of the fod ligands in Ln(fod).-. 
substrate mixtures are presented and discussed. First, the tem­
perature dependence of the proton NMR spectra of a mixture of 
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Latfod)^, Pr(fod)-. and DME in molar ratios 1:1:2 in a toluene-d8 
solution is discussed in terms of the overall reactions Eq. |4,9|. 
Subsequently, the exchange mechanisms are discussed in rela­
tion to the substrate concentration dependence of the exchange 
rates. 
Unless stated otherwise, the experiments were performed at 
ambient probe temperature (31 C). 
5 3 1 DME and fod exchange m La (fod)3, Pr (fod)3, DME ( 1 1 2 ) 
The proton NMR spectrum of this mixture dissolved in tolu-
ene-d8 was recorded at temperatures between -90 С and +90 C. The 
temperature dependence of the spectrum is shown in Fig. 5.2. Be­
low -580C the spectra of La(fod)3-DME and PrffodK-DME are ob­
served separately showing no exchange effects. It is noteworthy 
that the three fod ligands of the paramagnetic Pr complex give 
rise to only one t-Bu resonance and one CH resonance even at low 
temperatures (-90 C) where the intermolecular exchange of fod 
ligands is very slow. This indicates that at such temperatures 
the fod ligands are still rapidly rearranging intramolecularly 
in such a way that these ligands are effectively magnetically 
equivalent. 
From the single resonances of the t-Bu and CH protons m the 
La-complex no significant conclusions can be drawn, because in 
the diamagnetic La-complex the differences in chemical shifts of 
the various t-Bu and CH protons will be minor. 
Between -35 С and +7 С the influence of exchange becomes 
pronounced for the DME resonances and at temperatures higher than 
7 С the exchange of DME molecules is fast on the NMR time scale. 
Above 30 С chemical exchange affects also the resonances of the 
fod ligands. At 60 С the fast exchange limit is reached for the 
t-Bu signals, whereas the slow exchange limit still applies to 
the CH resonances. 
The temperature variation of the DME part of the NMR spec­
trum was analyzed in terms of the overall reaction 
La (fod) DME + PrffodKDME* ¿ LaífodKDME* + Pr(fod)3DME . |ll| 
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95 "С 
61 "С 
32 "С 
7 "С 
-35 0C 
-58 "С. 
JUL 
J L J ^ 
J4 
La(fod)3/Pr(fod)3/DME 
( i : i : 2 ) 
20ppm 
Fig. S.2: Temperature dependtince of the proton NMR spectrum of the mixture La(fod) , Pr(fod) 
and DME (1:1:2) dissolved in CCI . At the bottom the assignment is shown of the DME 
signals CCH . CM ) and the fod signals (CM, t-Bu) in the complexes Latfod) DME (La) 
and Pr(fod) DME (Pr). The peak heights are not drawn to scale. 
At each temperature the DME spectrum was simulated by calculation 
of the spectrum using the modified Bloch equations and varying 
the lifetime τ of the substrate in the complexes untili good a-
greement was obtained between calculated and observed spectrum. 
For such a calculation the resonance positions and the line 
widths of the DME proton signals in the complexes La(fod),DME and 
Pr(fod)3DME must be known. These were obtained by measuring the 
NMR spectra of solutions of these complexes in toluene-d8 solu­
tions separately as a function of the temperature. The resulting 
values of τ are given in Fig. 5.3 in the form of an Arrhenius 
с 
plot. In Table 5.1 the parameters of the Arrhenius equation are 
listed. 
The system Pr(fod)3, DME (1:2) dissolved in CCI. also shows 
exchange of DME molecules between free and bound situations. The 
same analysis as described above was applied to obtain τ as a 
function of temperature. The resulting Arrhenius parameters are 
given m Table 5.1. Within experimental accuracy they are equal 
to the previous ones, suggesting that the same mechanism is in­
volved. 
Lnx(Tins) 
-15 -
-1С 
-5 
> 
-
\ 
\ 
\ 
ι ι 
\ 
• \ 
1 
H IB , 22, 
(RTHkcarWe) 
Fig. 5.3: TemppratJie Vdriatxon of the lifetime τ о* a JME ncle-
c 
cule in the bcurd situation, IS 
depictei in •- т g . 5.2. 
fc- the experiment 
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TABLE 5.1: ARRHENIUS PARAMETERS FOR THE EXCHANGE OF fod AND DME 
IN MIXTURES OF SHIFTS REAGENTS AND DME IN CCI. 
, , ΔΕ 
molar exchanging 
-. ace 
Mixture ratios moiety In к kcal/raole 
La(fod) 3 + Pr(fod) 3 + DME 1:1:2 DME 28 + 3 10 + 1 
Pr(fod) + DME 1:2 DME 3 2 + 3 10.7 + 0.6 
La(fod) 3 + Pr(fod) + DME 1:1:2 fod 2 0 + 3 8.4 + 1.0 
La(fod) 3 + Pr(fod) d + DME 1:1:220 fod 1 2 + 1 9 + 2 
a]
 к in H"1 s"1 
о 
Returning to the experiment of Fig. 5.2, the exchange of fod 
ligands between the two lanthanide complexes can be described by 
the overall reaction Eq. |9|. Since the CH resonances are in the 
slow exchange limit at all temperatures, the lifetimes τ
τ
 and 
τ- can be determined directly from the observed line broadening. 
The t-Bu resonances were analyzed according to the same 
procedure as described for the DME exchange. The lifetimes ob­
tained from the t-Bu signals are identical with those calculated 
from the CH proton relaxation rates. The kinetic parameters for 
the fod exchange obtained from the temperature dependence of 
к_ , are listed in Table 5.1. The exchange rate at 31 С was found 
f o d
 2 - 1 - 1 to be k, , = 6.7 χ 10 M s . This value of the rate constant 
rod 
k_ , and the values obtained from the experiments discussed pres­
ently are collected in Table 5.2. 
5.3.2 DME exchange mechanism 
Thus far, the DME and fod exchange processes have been ana­
lyzed in terms of the overall effects Eq. |ll| and Eq. |9|, re­
spectively. As was outlined in the theoretical section, the sub-
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TABLE 5.2: Fod LIFETIMES τ AND EXCHANGE RATES k, , AT 31 Ο0 IN 
Ln fod 
THE SYSTEMS L n ( f o d ) 3 , L n
, ( f o d ) 3 , DME (l:l:r) 
Ln Ln ' 
La Pr 
Yb Pr 
Yb Ho 
Yb Er 
r 
0 
2 
220 
0 
2 
96 
2 
2 
TLn 
Ξ 
< 5 χ IO"4 
IO" 2 
150 
1.3 χ IO" 3 
> IO" 1 
2 < τ < 60 
> 5 χ 10~ 2 
> 5 χ IO"2 
fod 
s"
1
 M" 1 
> 3 x io 4 
6.7 χ IO2 
0.16 
8 χ IO 3 
< io 2 
0.4 < к < 12 
< 2 χ IO2 
< 2 χ IO2 
strate exchange mechanism can be inferred from the dependence of 
the line widths on the free substrate concentration. In the sys­
tems Ln(fod) 3, DME (l:r), where Ln = Pr, Nd, Eu, Tb, Dy, Ho, Er 
and Yb and 0.5 < г < 100, rapid exchange of the DME molecules be­
tween free and bound situations is observed in the NMR spectra at 
31 C. The line broadening effects observed in the Pr (fod) ..DME 
system were studied in more detail using Eq. |8[. 
2 - 1 - 1 
In Fig. 5.4 the £„ dependence of (T- - T.^ )/f , for 
Ь ¿ ¿Ъ LS 
the CH- protons of DME in the presence of Prifod), is shown. At 
low values of f the curve increases, whereas at high values of 
2 2 f the curve decreases with increasing f . Apparently, at low 
o S 
free substrate ratios (r < 1) the dissociative exchange mechanism 
is predominant and at high free substrate concentrations the LS_ 
mechanism. 
2 - 1 - 1 
From the intercept at ί„ = 0 one finds Τ , = 25 s . 
s
 2LS b 
Using this value one can find τ from the observed line width 
с 
with the aid of Eq. |7|. In Fig. 5.5 the resulting values of 
τ are plotted versus the free substrate concentration. From 
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50 
F i g . 5 . 4 ; ( T . •1 
0.2 
•ι 
о/. ОБ 06 fs2 
) / f . v e r s u s f _ -Fer m i x t u r e s o f P r ( f o d ) _ 
Lqb S 3 
and DME dissolved^in CCI, at 31 0C. Total shift reagent 
4 ь 
2 ' 2S 
-,d DME dis: 
concentration is 0.1 f. 
TABLE 5.3: ASSOCIATION AND DISSOCIATION RATE CONSTANTS FOR THE 
DIFFERENT STEPS IN THE BINDING OF DME TO Pr(fod) 3 
IN CCI, 
binding step 
rate constants 
association dissociation 
L + S 
LS + S 
LS 
LS 
=* LS 
- L S 
ml 
m2 
mb 
2 . 5 x 1 0 M s 
. τ .
 η
 10 , „ - 1 - 1 
1 . 7 x 1 0 M s 
0 c i n 1 3 - 1 
2 . 5 x 1 0 s 
к . = 3 .9 χ I O 8 s " 1 
m-l 
к _ = 1.1 χ I O 9 s " 1 
m-2 
k, = 7 χ 1 0 8 s " 1 
bm 
a) 
-stimated accuracy + 4C% 
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іс
-іх1(Г )-
0.2 0Л M (M) 
Fig. 5.5: VBrsjs the -гее J "It co-;cenzration [s] . For experi­
mental conditions see caption of Fig. 4. 
intercept and slope of the curve one finds 
к = (1.1 + 0.3) χ IO 5 s"1 and k 2 = (4.8 + 0.6) χ IO
6
 M - 1 s"1 . 
Combination of these results with Eq. |б| and with the equili­
brium constants given in Chapter 3 yields all reaction rate con­
stants defined in Eq. |l-2| for the binding of DME to Pr(fod)... 
They are listed in Table 5.3. The values for the rate constants 
of the equilibrium Eq. ІЗІ were obtained by assuming k, = 2k ,, 
1 1
 h m -
i.e. the dissociation rates of the complexes LS and LS are in­
trinsically the same. The following remarks on the values listed 
in Table 5.3 are noteworthy: 
(•L) the association rate constants к . and к
 n
, being of the 
in _ι ι ml mz 
order of 10 M s 
trolled reactions; 
(ii) the ratio к ,/к _ = 
ml m2 
are indicative for diffusion con-
1.5 is close to the statistical factor 
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of 2 expected for independent binding of the substrate mol­
ecules. This justifies one of the assumptions made in Chap­
ter 3; 
the ratio к , /к
 Ί
 = 10 M shows that association of the 
mb ml 
second oxygen atom of the DME molecule is several orders 
of magnitude faster than the association of the first one. 
This is due to the very high "effective concentration" of 
the second binding site in the vicinity of the shift rea­
gent when the first site is occupied (chelate effect). 
For the system Yb(fod),, DME the (T 
2 . . 2 ¿ 
-1 
- Τ 
-1 
2S )/f 
increasing function of f_ up to fq 
LS 1 
is an 
= 0.99 (see Fig. 5.6). Thus, 
the dissociative mechanism dominates in this system even at high 
substrate concentrations. Below f
c 
from the slope one calculates 
= 0.4 the curve is linear and 
к (Yb, DME) 1.7 χ IO 5 s" 1 
Fig. 5.6: 
lO^V-bVUsbJis"1) 
•1 
τ 
•1 
2S 
/f . v e r s u s f,, for m i x t u r e s of Y b t f o d , l_3 D Ь i 
ard ΟΠΕ L Jis3clvFd in ГС1 at 3 1 Ü C . T o t a l s h i f t r e a g e n t 
c o n c e n t r a t i o n 15 0.1 Г. 
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For the other lanthanides the analysis is more difficult to 
perforin. When Ln = Tb, Dy, Ho, Er the measurement of the line 
widths is hampered by overlap between the DME signals. In the 
case, where Ln = Tb these signals were sufficiently resolved at 
r > 10. In this region (T_ - T
n
_ )/f , increases linearly 
2. zo LS 
with f_ [s] and from the slope one obtaines 
k2 (Tb, DME) = 1.4 χ 10
6
 M - 1 s"1 . 
The line broadening of the DME signals in the presence of 
Nd(fod)_ or Eu(fod)_ was too small to be able to carry out a re­
liable analysis of the substrate concentration dependence. For 
all lanthanides the lifetime of the DME molecules in the complex 
Ln(fod).-DME was found to be in the order of 10 - 10 s. 
5.3.3 Fod exchange mechanism 
According to Eq. |l0| the exchange rate of fod ligands de­
pends on the dissociation rate constants к and k' of the com­
plexes La (fod) ..DME and Pr (fod) -DME, respectively, and on the as­
sociation rate constant of the mixed dimer La (fod),Pr (fod),. From 
5 -1 the analysis of the DME exchange it was found that k' = 10 s 
Assuming that k , is of the same order of magnitude, one has 
1/k . = l/k', = 10~5 s. Since k, , - 1 at 310C is equal to 1.5 χ 
_ті -ι rod 
10 M s (see Table 5.2) it is clear on inspection of Eq. |l0|, 
that the second term in that equation can be neglected, thus, 
Thus, the rate determining step in the fod exchange process is 
the formation and dissociation of the mixed dimer. Eq. |l2| pre­
dicts that the fod exchange becomes slower as (i) the free sub­
strate concentration is increased or (ii) the rate constant k, 
is decreased. 
In order to check these predictions the following experi­
ments were performed. First, perdeuterated Pr (fod-dlO ) ., and nor­
mal protonated La (fod).. were dissolved separately in DME. The 
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solutions were mixed in the NMR probe at low temperatures where 
the t-Bu resonances of the La and the Pr complexes are well sep­
arated. As time advances, the fod exchange causes a redistribu­
tion of protonated and deuterated fod ligands over the La and 
the Pr complexes. This process was monitored by measuring the 
proton NMR intensities of the t-Bu signals in the two sites as 
a function of time. The experiment was carried out at -40 С and 
at -50 С at high free substrate concentration, the molar ratios 
being La:Pr:DME = 1:1:220. Secondly, the NMR lineshapes at 310C 
of mixtures of molar ratios La:Pr:DME = l:l:r, where r < 2, were 
analyzed qualitatively. Finally, the fod exchange behaviour m 
mixtures of Yb(fod)3 and Prffod)-, Ho(fod)3 and Er(fod), in the 
presence of DME was studied. Since it is well known that the 
heavier lanthanides form dimers less easily, this is a check on 
the second prediction. 
La(fod-hlO)., Pr(fod-alO),, DME (1:1:220). After mixing the DME 
о о 
solutions of the protonated La complex and the deuterated Pr com­
plex at low temperature, the t-Bu proton NMR intensity of fod li­
gands in the La site (I ) begins to decrease, accompanied by an 
ъа 
increase of the intensity for the Pr site (Ip ). This process 
continues untili the intensity is equally distributed among the 
two sites. The intensity ratio χ = I. /I p is predicted to decay 
as 
l-x(t)/x(») k f o d W o 
In { } = t | 131 
l+x(t) 3 
where [L] IS the total concentration of lanthanide complexes. 
The derivation of this equation is given in the appendix. A plot 
of the left hand side of Eq. ¡13| versus time t yields a straight 
line with slope - -^  k_ , [L] . Such a plot is shown in Fig. 5.7 
for the -50 С experiment. The rate constants k, , obtained in 
this way are 2.4 χ 10 s M (-40OC) and 1.0 χ 10 s M 
(-50 С) with an accuracy of about 15%. The kinetic parameters 
calculated from these results are given in Table 5.1. The value 
for the activation energy compares well with that obtained from 
the 1:1:2 experiment. The difference in к results from the sub-
r
 о 
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txltPIs) 
Fig. 5.7: Time evolution of the proton NMR intensities of the 
t-3u resona"C3e эf e mixture of dauteratRc! PrCfcd-dlO] 
and protonated Latfoc) dissolved in Dlf-. at 
text j . 
;n"C (see 
strate concentration dependence of k, ,. 
Table 5.2 shows that indeed the fod exchange is slower the 
higher the substrate concentration. From the 1/[s] dependence 
12| one expects of k, , predicted by Eq 
k- .(l:l:2)/k. ,(1:1:120) = 2.5 χ 10 fod rod 
However, the experimental ratio is equal to 4 χ 10 — 
which points to a 1/ [s] dependence of k f ,. This discrepancy is 
possibly due to the formation of mixed dimers to which still a 
substrate molecule is bound, e.g. La(fod)3Pr(fod)3DME. The for­
mation of such a complex requires the dissociation of one of the 
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complexes La(fod)-.DME or Pr (fod)-.DME only such that the free sub­
strate dependence of rate of formation of this complex will be of 
the order of l/[s]. 
La(fod) , py(fod) , DME ( l : l : r , r < 2). In contrast to the 1:1:2 
experiment, both CH and t-Bu resonances of the fod ligands show 
fast exchange between the La- en Pr-site m the absence of sub­
strate (r = 0) at 31 C. This indicates that the fod exchange is 
faster when no substrate is present. The exchange rate k. , is 
4 -1 -1 f o d 
estimated to be k_ , = 3 χ 10 s M . The fast exchange limit fod э 
is maintained when DME is added up to r = 1.4, where the transi­
tion from fast to slow exchange starts for the CH protons. For 
r > 1.8 the resonances of the fod CH protons m the La- and Pr-
site are observed separately. As for the t-Bu protons, the tran­
sition from fast to slow exchange occurs not before r is in­
creased from 1.85 to 2.0. Thus, the lower the substrate concen­
tration, the faster the fod exchange, which is qualitatively m 
accordance with the mixed dimer model. 
Yb(fod)„j PrГfod)
 4, DME (l:l:r). Experiments were performed with 
O " ó 
r = 0, 2, 96. In all three cases both CH and t-Bu resonances are 
in the slow exchange limit at 31 C. In the absence of DME (r = 0) 
the line broadening of the CH peak m the Yb site amounted to 
250 Hz. This line broadening was less than 3 Hz at 31 С for r = 2 
and less than 1 Hz even at 75 С for r = 96. On the other hand, 
when Yb (fod-hlO) .. and Pr (fod-dl0) .. solutions are mixed at 31 С 
and r = 96, the redistribution of t-Bu proton NMR intensity over 
the two sites is complete within one minute. From these results 
the values for the fod exchange rate given in Table 5.2 were es­
timated. 
Obviously, the fod-exchange is slower than m the La, Pr mix­
tures which is in accordance with the model. This also holds for 
the systems vb(fod) , Ho (fod),, DME (1:1:2) and YbtfodK, 
Er(fod) , DME (1:1:2) (see Table 5.2). 
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5.4 Conclusions 
In the exchange of the DME molecules between free and bound 
situations both first order (dissociative mechanism) and second 
order (LS- mechanism) kinetics are involved. The relative impor-
tance of the two mechanisms depends on the free substrate concen-
tration. Combination of the exchange experiments with the equili-
brium constants obtained from earlier experiments (see Chapter 3) 
yielded the rate constants of all the different steps in the 
binding of DME to Pr(fod) . The results confirmad the mode of 
binding (chelate effect) proposed in Chapter 3. 
As to the fod exchange, the mixed dimer model is confirmed 
qualitatively by all experiments. The free substrate concentra-
tion dependence, however, is overestimated by Eq. |12|. This is 
possibly due to formation of dimers to which still a substrate 
molecule is bound. 
5.5 Experimental 
All materials have been described in Chapter 3. The proton 
NMR spectra were recorded on a Varían X1100 - FT spectrometer. 
The sample temperature was controlled by the V4540 variable tem-
perature unit. The samples were allowed to adjust to the probe 
temperature for ten minutes. 
The La(fod)3, Pr(fod-dlO),, DME (1:1:220) experiment was 
performed by dissolving the Laffod), in DME in a 12 mm sample 
tube. A tube of smaller diameter provided with a break seal at 
the bottom was filled with a solution of Pr(fod-dlO), in DME 
and placed in the 12 mm tube. The solutions were allowed to 
equilibrate to the probe temperature for half an hour. After 
that the break seal of the inner tube was broken and the solu-
tions were mixed quickly (within 30 seconds). The t-Bu part of 
the NMR spectrum was recorded every three minutes. 
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5.6 Appendix 
We consider the exchange of ligands 1 and 1' between the 
complexes ΑΙ., and Β1Λ where A and В are the central atoms. The 
c
 N N 
special case discussed in the paper is obtained by setting A = 
La, В = Pr, 1 = fod-hlO, 1' = fod-dlO and N = 3. When the two 
complexes Al and Bl' are mixed in solution and the ligands be­
gin to exchange, all kinds of complexes Α Ξ Al 1' and Β Ξ 
3
 * ' * η η Ν-η m 
BI 1Д are formed (m = 0,1,...,Ν). 
m N-m 
The total NMR intensity I of a particular nucleus in li-
gand 1 bound to A is given by 
I A = C Σ n[A
n
] |14| 
n=0 
where с is a constant. 
Analogously, 
IB = C ^ n,[B
m
] ! 1 5 | 
m=u 
Thus, the time dependence of these NMR intensities is determined 
by the time variation of the concentrations of the different com­
plexes A and В due to the exchange of the ligands 1 and 1'. 
Three types of ligand exchange occur, between A and A with 
rate constant k,,,, between В and В with rate constant k-^ and AA m η BB 
between A and В with rate constant k,„, where we have assumed 
m η AB 
that the rate constants are independent of m and n. Only the last 
type of exchange gives rise to a redistribution of NMR intensi­
ties for the A and В complexes. Given a ligand exchange has oc­
curred, between the complexes A and Β , the following three re-
^ η m , 
actions can occur 
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A + В * А
 м
, + В ,
 m
 = ^
1
 Ν"
1 
η m η+1 m-1
 η = 1 ; 2 / , . . / Ν 
Α + Β - Α , + Β ^ ,
 m =
 Ι^,-.-,Ν 
η m η-1 m+1
 η = Q i l Ν _ 1 
Α + Β -»-A + Β n,m=0,l,...,N 
η m η m 
Let the probabilities for these events be Ρ , Ρ and Ρ , re-
Γ
 nm nm nm 
spectively. Examples of the above reactions are Al-l' + Bll' -> 
Al + Bl', All' + Bl.l' or Al 1' + Bll', respectively. The last 
reaction, where two identical ligands are exchanged, does not 
change the concentrations of the different complexes and will 
not change the NMR intensities. 
The time dependence of the concentrations of the complexes 
A can now be written as 
η 
N - l _ 
[A ] = - I Ρ {к
А Д
 [A 1 + к . . [В J } [A "I L
 n
J L
 n
 nm AA1- mJ A B L іЫ L n J 
m=U 
N
 + 
- У p { к „
л
 ГА 1 + к „
п
[ в 1 } [А 1 L
. nm AAL mJ A B L m-1 L n J 
m=l 
N - l
 + l
1 6 l 
+
m
|
o
 P
n-l,m+ l ^ААКЛ
 + kAB'Vl^'An-J 
+
 Σ
 Pñ+l,m-l {кАА^ і^  + k A B t
B
m
- J } ^
n + ^ · 
m=i 
The corresponding equation for [B ] is obtained by replacing 
Α ν В and В ->• A in Eq. | 16 | . 
The probabilities Ρ are given by 
P + = m(N-n)/N2 | 17a| 
nm 
Pñm = "(Ν""1'/"2 I 1 7 bl 
P 0 = {nm + (N-m)(N-n)}/N |lVc| 
nm ' ' 
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Combination of Eq. ¡14-17| yields after some algebraic manipula-
tion 
i = - Ί = - ^ 
A B
 N 
i[A]0IB - [B]0IA} , ¡ 18 | 
where [A] and [в] are the total concentrations of the A and В 
complexes, respectively. Furthermore, one has 
А В
 L J
 о 
19 
[l] being the total concentration of ligand 1. 
The solution to Eg. 118,191 is 
IA(t) = Ід(») + {Ід(0) - IA(»)} e"
X t
 |20a! 
IB(t) = IB(») + ÍIB(0) - IB(-)} e X t |20b| 
where λ = к
д в
 {[A]
o
 + [B] O}/N , |2l| 
И 
!.(-) = {1.(0) + I
n
(0)} 2 |22a| 
A A B
 [ΑΊ + [В] 
L - О L J О 
and 
И 
!„(-) = {1.(0) + I
n
(0)} 2 . ]22b| 
B
 Ио
 +
 Mo 
Note that the NMR intensity is eventually pro-rated among the A 
and В complexes (Eq. |22|). 
The values of 1.(0) and I
n
(0) depend on the starting condi­
tions of the experiment. When at t = 0 Al», and В1Л are mixed, one 
N N 
has 1,(0) = с ΝΓΑΊ and I
n
( 0 ) = 0 and Eq. I 201 becomes 
A ^ - о В 1 1 1 
IA(t) = Ід(-) + IB(») e~
Xt
 |23a| 
IB(t) = IB(») {1 - e"
Xt} |23bl 
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The intensity ratio x(t) = I (t)/I (t) is found to obey the rela­
tion 
1 - x(t)/x(») 
In [ ] = - Xt | 24 | 
1 + x(t) 
S u b s t i t u t i o n of Eq. | 2 l | w i t h N = 3 i n t o Eq. |24[ y i e l d s Eq. | l 3 | , 
where [ L ] = [A] + [ві and k£ , = к
л п
. L J
o
 L
-
1
o
 L J
o f od AB 
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SUMMARY 
Paramagnetic lanthanide shift reagents, when added to a so-
lution of a substrate, induce shifts in the nuclear magnetic res-
onance (NMR) spectrum of the substrate molecules. This is achiev-
ed by the formation of complexes between shift reagent and sub-
strate, which results in changes in the magnetic environment of 
the substrate nuclei. The induced shifts contain information a-
bout'the structure of the shift reagent substrate complex. This 
information is provided by the so-called pseudo contact shift, 
which arises from the dipolar interaction between the nuclear 
and the electronic magnetic moment. The structural information, 
however, may be difficult to extract because of the following ef-
fects: (1) different complexes between shift reagent and sub-
strate may be present in solution, e.g. 1:1 and 1:2 complexes, 
and the shift observed is a weighed average of the shifts of the 
substrate nuclei in the different complexes; (2) the Fermi con-
tact interaction, arising from the spin density at the nucleus, 
contributes to the induced shift; (3) chemical exchange effects 
may complicate the NMR spectrum. 
In this thesis the results of an investigation into the in-
fluence of these effects on the NMR spectra of solutions contain-
ing a substrate and I.SR are presented. As substrates the mono-
functional ether 1-methoxy-n-butane (methylbutyl ether, MBE) and 
the bifunctional ethers 1,2-dimethoxyethane (DME), l-methoxy-2-
n-octyloxyethane (MOE) and 4,5-dimethylveratrole (DMV) were em-
ployed. The lanthanide complexes Ln(fod).. were used as shift re-
agents (fod is the 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-
octanedionato ion and Ln is one of the tripositive rare earth 
ions). 
In Chapter 2 the equations describing the pseudo contact 
and the Fermi contact shift are derived. In addition, it is shown 
how the modified Bloch equations describing the effect of the 
chemical exchange processes occurring in the systems studied, can 
be reduced to the familiar equations for a two site exchange case. 
In Chapter 3 the results obtained for the binding of the 
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mono- and bifunctjonal ethers to the shift reagent are reported. 
From the concentration dependence of the induced shifts and from 
competition experiments between mono- and bifunctional ethers it 
was found that the bifunctional ethers DME, MOE and DMV bind 
strongly bidentally in 1:1 complexes to Ln(fod)_, in contrast to 
the monofunctional ethers, which show much weaker binding and 
also form 1:2 complexes. The binding behaviour of the bifunction­
al ethers was attributed to the so-called chelate effect. The e-
quilibnum constants of the different steps m the binding pro­
cess could be determined. 
The bifunctional ethers appear to be very suitable sub­
strates for an analysis of the induced shifts, because only one 
type of complex is prevailing m solution, e.g. tht 1:1 complex 
where the substrate is bound bidentally. Such an analysis is 
performed in Chapter 4. 
In the temperature range between about +80 С and -90 C, 
shifts almost linear in Τ were observed, for all protons and 
С nuclei of the bifunctional ethers, even for protons for which 
the Fermi contact shift may safely be neglected. This is at v a n -
-2 
ance with the theoretical results of Bleaney, which predict a Τ 
dependence of the pseudo contact shift. It was concluded, that 
systems described in this thesis do not fulfill the conditions 
under which Bleaney's results were obtained. Consequently, the 
temperature dependence of the observed shift is of no use for 
the separation of pseudo and Fermi contact contributions to the 
induced shifts. Other methods that have been described in the 
literature to achieve such a separation also failed. 
Therefore, H and С shifts induced by the shift reagents 
Lnifod).. in the NMR spectrum of DMV was studied as a function 
of the lanthanide ion (Ln = La, Pr, Nd, Eu, Gd, Tb, Dy, Ho, Er, 
Yb). The resulting data were analyzed numerically, using the com­
plete equation describing the induced shift. The main conclusions 
drawn from the results are: the Fermi contact contribution to the 
observed (both H and C) shifts are non-negligible for many 
lanthanide ions, and the susceptibility tensors of the complexes 
studied are not axially symmetrjc. 
Chapter 5, finally, presents the results of the experiments 
performed to study the exchange behaviour of DME molecules and 
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fod ligands. The kinetics of the fod exchange process could be 
explained qualitatively by a model in which the exchange takes 
place ига a mixed dimer. If the solution contained DME as sub­
strate molecules, to the intermediate dimers, still a DME mole­
cule is bound. The exchange of DME molecules between the 1:1 
complexes and DME free in solution can occur both via dissoci­
ation of the 1:1 complex and via formation of 1:2 complexes. The 
concentration of free DME determines which reaction pathway pre­
vails. The results obtained on the DME exchange, together with 
the equilibrium constants mentioned before, yielded all associ­
ation and dissociation rate constants of the different steps in 
the binding of DME to Pr(fod).,. 
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SAMENVATTING 
Wanneer paramagnetische lanthanide shift reagentia binden 
aan substraatmoleculen, induceren zij verschuivingen in het kern 
spin resonantie (NMR) spectrum van dat substraatmolecuul. Deze 
verschuivingen bevatten informatie over de structuur van het lan-
thanidesubstraatcomplex in oplossing. Om deze informatie aan de 
waargenomen verschuivingen te kunnen onttrekken, moeten drie as-
pecten worden onderzocht: (1) de wijze van binding van de sub-
straatmoleculen aan het shift reagens; (2) de effecten van che-
mische uitwisseling op het NMR-spectrum; (3) de bijdragen van de 
mechanismen, zoals de Fermi contactinteractie en de dipolaire 
of pseudo-contactinteractie, die de geïnduceerde verschuivingen 
veroorzaken. De eerste twee aspecten zijn van belang voor het 
eenduidig toekennen van de waargenomen verschuiving aan één be-
paald complex. Het derde punt moet garanderen dat een juiste re-
latie wordt gelegd tussen de verschuiving en de structuur van 
dat complex. 
In dit proefschrift worden de resultaten beschreven van een 
dergelijk NMR-onderzoek, waarin de bifunctionele ethers 1,2-di-
methoxyethaan (DME), l-methoxy-2-n-octyloxyethaan (MOE) en 4,5-
dimethylveratrol (DMV) als substraat dienst doen, terwijl als 
shift reagentia de complexen Ln(fod)., worden gebruikt (fod = 
3+ 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedionate en Ln 
is een van de driewaardige lanthanide ionen). 
Hoofdstuk 2 bevat de afleidingen van theoretische formules, 
die de bijdragen van de Fermi contact en de pseudo contactinter-
actie tot de NMR-verschuivingen beschrijven. De afleidingen zijn 
toegespitst op de complexen van de Ln -ionen. Daarnaast is kort 
ingegaan op de invloed van chemische uitwisseling op het NMR-spec-
trum, en wel in het bijzonder op de vereenvoudiging van formules 
voor ingewikkelde reactieschema's tot de formules voor eerste-
orde reacties. 
Hoofdstuk 3 beschrijft een onderzoek naar de wijze van bin-
ding van mono- en bifunctionele ethers aan de lanthanidecomplexen. 
Uit concentratie-afhankelijke metingen en competitie-experimenten 
met de monofunctionele ethers werd gevonden, dat de bifunctionele 
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ethers DME, MOE en DMV sterk bidentaal binden aan Ln(fod).- in 
1:1 complexen, dit in tegenstelling tot de monofunctionele ethers 
welke ook 1:2 complexen vormen en veel lagere bindingsconstanten 
vertonen. Het bindingsgedrag van de bifunctionele ethers werd ge-
ïnterpreteerd als een manifestatie van het zogenaamde chelaat-
effect. De bindingsconstanten voor de verschillende bindingsstap-
pen werden bepaald. Door de sterke 1:1 binding zijn de bifunctio-
nele ethers bij uitstek geschikt voor de analyse van de geïndu-
ceerde verschuivingen, omdat veilig gesteld is, dat één soort 
complex, namelijk het 1:1 complex, overheersend in oplossing aan-
wezig is. 
In Hoofdstuk 4 worden de mechanismen beschouwd die kunnen 
bijdragen tot de geïnduceerde verschuivingen. Experimenteel werd 
gevonden dat de verschuivingen, ook van protonen waarvoor aange-
nomen mag worden dat de bijdrage van de Fermi contactinteractie 
aan de totale verschuiving verwaarloosbaar is, vrijwel lineair 
in Τ verlopen (ongeveer tussen +80 С en -90 C). Dit in tegen­
stelling tot de theoretische resultaten van Bleaney, op grond 
-2 
waarvan een Τ afhankelijkheid wordt voorspeld voor de dipo-
laire verschuiving. De conclusie werd getrokken, dat de in dit 
proefschrift beschreven systemen niet voldoen aan de voorwaarden, 
waaronder Bleaney zijn resultaten heeft afgeleid, en dat derhalve 
het scheiden van Fermi contact- en pseudo contactverschuivingen 
niet kan gebeuren op grond van de waargenomen temperatuurafhan­
kelijkheid. Ook andere in de literatuur beschreven methoden om 
dezs scheiding te bewerkstelligen faalden voor de bestudeerde 
systemen. Daarom werden de verschuivingen, geïnduceerd in het mo-
lecuul DMV door de reagentia Ln(fod)-, voor een serie verschil-
lende lanthaniden onderzocht (Ln = La, Pr, Nd, Eu, Gd, Tb, Dy, 
Ho, Er en Yb). De hieruit verkregen gegevens werden geanalyseerd 
met een formule, welke zo volledig mogelijk de verschuivingen be-
schrijft. De voornaamste conclusies uit deze analyse zijn, dat 
de bijdrage van de Fermi contactinteractie tot de verschuivingen 
(zowel Η als C) voor veel lanthaniden niet verwaarloosbaar is 
en dat de susceptibiliteitstensoren van de bestudeerde complexen 
zeker niet axiaal symmetrisch zijn. Beide conclusies manen tot 
voorzichtigheid bij het analyseren van verschuivingen met sterk 
vereenvoudigde formules. 
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Tenslotte zijn in Hoofdstuk 5 de resultaten beschreven van 
een onderzoek naar het uitwisselingsgedrag van DME-moleculen en 
van fod-liganden. Er werd gevonden dat de uitwisseling van DME-
moleculen tussen de 1:1 complexen en DME vrij in oplossing, zo­
wel via dissociatie van het 1:1 complex, als υτα de formatie van 
1:2 complexen kan verlopen. De vrije DME-concentratie is bepa­
lend in welke mate deze twee reactiewegen gevolgd worden. Combi­
natie van deze gegevens met de resultaten verkregen voor de bin­
dingsconstanten, leverde gedetailleerde informatie over de asso­
ciatie- en dissociatiesnelheden van de verschillende reactiestap-
pen in de binding van DME aan Pr(fod).,. De uitwisseling van fod-
liganden, welke in aanwezigheid van DME plaatsvindt tussen de 
verschillende lanthanidecomplexen Ln(fod)? en Ln'(fod)_, kon kwa­
litatief worden verklaard met een model waarin Ln(fod),Ln'(fod),-
DME-complexen als intermediair optreden. 
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De schrijver van dit proefschrift werd geboren op 8 maart 
1949 te Apeldoorn. Na het behalen van het diploma HBS-B aan het 
Katholiek Veluws College aldaar, werd in 1965 begonnen aan de 
scheikundestudie aan de Katholieke Universiteit te Nijmegen. 
Het doctoraalexamen werd op 1 februari 1971 cu"i laude afgelegd 
met als hoofdrichting fysische chemie, waarvoor stage werd ge-
lopen op de afdeling Molecuul Spectroscopie. Als bijvakken wer-
den gedaan capita uit de wiskunde en capita uit de natuurkunde. 
Sindsdien heeft hij, onder leiding van Prof.Dr. E. de Boer en 
Dr. C.W. Hilbers, promotie-onderzoek verricht op de afdeling 
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S T E L L I N G E N 
1 
De door Hill e.a. waargenomen temperatuurafhankelijkheid van lan-
thanide geïnduceerde NMR verschuivingen is zowel met de theoreti-
sche resultaten van Bleaney, als met die van Horrocks in overeen-
stemming. Dit in tegenstelling tot de door Hill e.a. getrokken 
konklusie, dat deze afhankelijkheid alleen met Bleaney's resul-
taten overeenstemt. 
H.A.O. Hill, D. Williams en N. Zarb-Adami, J. Chem. Soc. Faraday 
Trans. II ?2_3 1494 (1976); W.D. Horroaks, J.P. Sipe en D. Sudniak 
in "Nuclear Magnetic Resonance Shift Reagents", R.E. Sievers, Ed., 
New York, 1973, p . 53; B. Bleaney, J. Magn. Res. 8_, 91 (1972). 
2 
Om te kunnen beoordelen of de waargenomen temperatuurafhankelijk-
heid van lanthanide geïnduceerde NMR verschuivingen overeenstemt 
met Bleaney's voorspellingen, dan wel met die van Horrocks, of 
met beide, verdient het aanbeveling die verschuivingen (6) op 
verschillende manieren in grafieken uit te zetten als funktie van 
-1 -2 -1 
de temperatuur (T): 6 tegen Τ , δ tegen F en 6xT tegen Τ , en 
wel bij voorkeur over een zo groot mogelijk temperatuurgebied. 
3 
De door Rafalski e.a. gehanteerde parameter b in de beschrijving 
van lanthanide geïnduceerde NMR verschuivingen is zonder fysische 
betekenis en introduceert een ongeoorloofde vrijheidsgraad in de 
numerieke analyse van die verschuivingen. 
A.J. Rafalski, J. Barciszewski en M. Karonski, J. Mol. Struct. 
¿9_, 223 (1973). 
4 
Voor het vinden van nieuwe anorganische verbindingen lijkt het 
veelbelovend meer aandacht te besteden aan reakties van metaal-
atomen in de gasfase, zowel met elkaar als met andere substraten. 
M.T. Anthony, M.L.H. Green en D. Young, J. Chem. Soc. Dalton 
Trans. 1419 (1975)j L. Hanlan, H. Ruber en CA. Ozin, Inorg. 
Chem. 15_, 2592 (1976). 
5 
De literatuur over lanthanide geïnduceerde NMR verschuivingen be-
staat voor een groot deel uit min of meer los van elkaar staande 
artikelen, waarin een grote hoeveelheid experimentele gegevens en 
een aantal methoden voor het interpreteren van de verschuivingen 
zijn gepresenteerd. Het lijkt zinvol een analyse te maken van de 
toepasbaarheid van die methoden en daarbij zoveel mogelijk ver-
schillende lanthanide substraatsystemen te betrekken. 
C.V. Вегііеу, B.W. Good en R.D. Allendoerfer, Anal. Chem. £5, 
1446 (1976); агі proefechrvft. 
6 
De door Daniel en Cohn op grond van NMR gegevens getrokken konklu-
sie omtrent bepaalde verschillen m de tertiaire structuren van 
Met Met 
E. Coli tRNA f en E. Coli tRNA f is niet betrouwbaar. 
W.E. Daniel en 4. Cohn, Bi o ohe m s try 1S_} 3317 (1Э76). 
7 
De bijdrage van zeer snel roterende methyl protonen aan de dipo-
laire relaxatiesnelheid van een kern is niet omgekeerd evenredig 
met de бе macht van de afstand tussen die kern en het zwaartepunt 
van de methyl protonen, zoals Chachaty e.a. beweren, maar zij is 
evenredig met het spoor van het kwadraat van de gemiddelde dipo-
laire interaktie tensor. Het verschil is met name van belang, wan­
neer de afstand tussen de kern en de methyl groep betrekkelijk 
klein is, zoals m het door Chachaty e.a. bestudeerde molekuul. 
C. Chachatyj T. ?'enb3 G. Langlet3 Iran Dinh Son, H. Bua en 
M. Чагалде, Eur. J. ВгооНе™. £2
Л
 4S (1976). 
8 
De manier, waarop Marinetti e.a. een stelsel van vijf vergelij­
kingen met zes onbekenden behandelen, is onverantwoord. 
T.D. Маггпеііг, G.H. Snyder en B.D. Sykes, J. An. Chem. Soa. 97_3 
6562 (197Б). 
9 
De bewering van Garrou en Hartwell, dat zonder kennis van het X-
gedeelte van het NMR spectrum van een ABX systeem de spin spin 
koppelingen J
 χ
 en J niet te bepalen zouden zijn, is lichtzin­
nig. 
P.E. Garrou en G.E. Hartwell, Inorg. Chem. 15_, 646 (1976) 
10 
De reductionistische gewoonte om allerlei dagelijkse bezigheden 
van psychiatrische patiënten therapie te noemen, kan niet ver-
helen, dat aan velen van hen nauwelijks werkelijke therapie ge-
boden wordt. 
Nijmegen, 21 januari 1977 J.W.M, de Boer 



